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Abstract

Abstract

Cytohesins are guanine nucleotide exchange factors for adenosine diphosphate
ribosylation factor (Arf) proteins and promote the switch of Arfs to the active GTP-
bound form. Cytohesins have been shown in different in vitro settings to affect
cell motility, cell adhesion and chemotaxis of various leukocytes, which are fun-
damental processes necessary for efficient innate and adaptive immune re-
sponses. Furthermore, due to their engagement in phagocytic processes, cyto-
hesins are also targeted by different pathogens during bacterial invasion to evade
the immune responses and to exert their full pathogenicity. However, all the evi-
dence for the regulation of immunity by cytohesins has derived from in vitro stud-
ies. The primary impact(s) of different cytohesins on the regulation and coordina-
tion of the immune responses in the control of infection in vivo has not been elu-
cidated.

The aim of this PhD thesis was to investigate the in vivo function of cytohesin-1,
cytohesin-2 and cytohesin-3 in the complex immune responses and in pathogen-
esis by using acute infection with the respiratory pathogens Legionella pneu-
mophila and influenza A virus in knockout mice. L. pneumophila is a Gram-neg-
ative bacteria and the causative agent for Legionnaires’ Disease, and influenza

A virus causes "flu”, which occurs in seasonal and pandemic outbreaks.

These studies revealed that cytohesin-1 promotes T cell responses in both bac-
terial and viral respiratory infections. Moreover, in influenza A infection, cytohe-
sin-1 deficiency hampered development of cognate T cells and their response to
cognate antigens. Cytohesin-1 was demonstrated experimentally to be involved
in the initial activation phase of naive T cells and was required for optimal meta-
bolic switching of T cells following activation. Lack of cytohesin-1 impaired the

differentiation of distinct helper T cells, but also different memory and effector cell

types.

Xiii



Abstract

Myeloid-specific deletion of cytohesin-2 transiently impaired cDC recruitment in
the course of bacterial infection highlighting a potential intrinsic role in cDC biol-
ogy. However, this did not have major effects on the overall phenotype of L. pneu-

mophila or influenza A infection.

Interestingly, cytohesin-3 had an opposing role on T cells compared to cytohesin-
1 and suppressed T cell immune responses in both L. pneumophila and influenza
A infection. Increased infiltration of several different T cell subpopulations to the
site of infection and increased acquisition of antigen-specific responses was ob-
served in cytohesin-3 deficient mice. Furthermore, cytohesin-3 deficient T cells
were more reactive to cognate stimulation leading to enhanced cellular immune
responses. Additionally, recovery from L. pneumophila infection was delayed in
cytohesin-3 deficient mice, suggesting that cytohesin-3 is important for prevent-

ing overactivation of T cells and any resulting inflammatory disease.

In conclusion, this PhD thesis provided for the first time a broad in vivo examina-
tion of the role(s) of different cytohesins in the immune responses to pulmonary
infections. Although minor roles were found for cytohesins in regulating innate
immune responses, the primary role(s) of cytohesin-1 and cytohesin-3 appear to
lie in the regulation of T cells. Cytohesin-1 promotes T cell responses potentially
by providing the optimal (signalling) threshold and by supporting the bioenergetic
adaptation following T cell activation, while cytohesin-3 may suppress T cell re-

sponses by acting as an immune checkpoint.
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Literature review

1. Literature review

The immune system is a host defence system, comprising an interactive network
of molecular and cellular factors, which protects the organism against infection
and disease. Infectious diseases are caused by microorganisms such as bacte-
ria, viruses, fungi and parasites which can invade the host by different routes
including via the skin, respiratory passages and intestinal tract. The task of the
immune system is to recognize these pathogens or their toxins and to eliminate
them. The immune system is subdivided into two branches termed the innate and
the adaptive immune system. The two parts vary in the speed and specificity of
responses. Innate immunity is evolutionarily older and provides an immediate and
antigen-independent response. Therefore, it is usually seen as the first line of
defence. Adaptive immunity is a component of the immune system of higher ani-
mals and is acquired over time. Adaptive immune response acts in an antigen-
specific manner and provides a more focused and powerful response to a patho-
gen. Following the first response to a specific pathogen, adaptive immunity de-
velops an immunological memory which plays an essential role upon a secondary
infection by the same pathogen. In order to perform their functions both immune

branches use humoral and cell-mediated immunity.

1.1 Innate immune system

The innate immune defence comprises different elements including physical,
chemical and microbiological barriers, as well as soluble factors such as comple-

ment proteins, defensins and cytokines, and innate immune cells.

1.1.1 Pattern-recognition receptors

There are five different classes of pattern-recognition receptors (PRRs) found in
Mammalia: retinoic acid inducible gene-l (RIG-I)-like receptors (RLRs); C-type
lectins; absent-in-melanoma (AIM)-like receptors (ALRs); Toll-like receptors
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(TLR); and nucleotide-binding and oligomerization domain (NOD)-like receptors
(NLRs). TLRs and C-type lectins are associated with the plasma membrane,
while the NLRs, RLRs and ALRs are located intracellularly. C-type lectins recog-
nize microbial glycans (1), RLRs detect viral RNA (2) and ALRs are cytosolic DNA
sensors (3). The recognition of specific microbial patterns by PRRs initiates sig-
nalling pathways and the transcription of genes, driving a targeted proinflamma-

tory immune response.

Toll-like receptors

The TLR family represent one major PRR class which is expressed by different
types of cells. There are 10 TLRs found in humans and 12 in mice (4). Each TLR
recognizes specific patterns of microbial products, allowing a targeted innate im-
mune response according to the invading pathogen. Therefore, TLRsS sensing
characteristic lipids, carbohydrates and proteins of the microbial cell surface are
expressed on the host cell surface, while TLRs recognizing nucleic acids of path-
ogens are located within endosomal membranes (5). Recognition of microbial
components by TLRs leads to two signalling pathways. The first pathway involves
signal transduction via the intracellular adapter protein called myeloid differentia-
tion primary response gene-88 (MyD88), which initiates the activation of nuclear
factor kB (NFxB) and the expression of inflammatory cytokines (4, 6). The second
pathway is only utilized by the TLR3, and uses Toll receptor-associated activator
of interferon (TRIF) and TRIF-related adaptor molecule (TRAM). The signal cas-
cade initiated by TRIF and TRAM results in the expression of type | interferons

(7).

NOD-like receptors

In humans there are 22 proteins of the NLR family, which mediate different func-
tions including inflammasome formation, signalling transduction, transcription ac-
tivation and autophagy (8). Two well-described receptors are NOD1 and NOD2.
NOD1 recognizes components of the peptidoglycan component found in Gram-

negative bacteria, while NOD2 senses muramyl dipeptide from both Gram-posi-
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tive and Gram-negative bacteria (9, 10). Stimulation of NOD proteins induces the

NFkB signalling pathway and drives the proinflammatory cytokine response.

Following recognition of pathogen-associated patterns a subgroup of NLRs forms
a multimeric protein complex termed inflammasome, which leads to the activation
of caspase-1 (11). In turn, caspase-1 causes the maturation and secretion of pro-
inflammatory cytokine interleukin (IL)-1p and IL-18, and induces the inflammatory
cell death called pyroptosis (11). Two well-studied components are NLR-family
apoptosis inhibitory protein (NAIP) and NLR family CARD domain-containing pro-
tein 4 (NLRC4). Together they form the NAIP-NLRC4 inflammasome upon recog-
nition of bacterial flagellin and the bacterial type Ill secretion system (12, 13).
Given to this function, NAIP-NLRC4 inflammasome has been associated with the

susceptibility to some bacterial infections (14, 15).

1.1.2 Neutrophils

Neutrophils are the most abundant myeloid cell type circulating in the blood and
are an essential component of the innate immune system. Neutrophils are short-
lived (~2 days) and are constantly produced within the bone marrow. Although
the bone marrow releases neutrophils into circulation daily, it also harbors a large
reserve of neutrophils that will exit the bone marrow following infection or inflam-
matory insult (16). Neutrophils then migrate quickly to the site of inflammation and
enter the infected tissue in large numbers, where they exert effector functions.
Neutrophils have different cell surface receptors recognizing microbial material,
as well as complement receptors that bind to opsonized pathogens (17). These
receptors facilitate phagocytosis, which results in the degradation of the pathogen
via granular components containing many proteolytic and antimicrobial sub-
stances (18, 19). To restrict bacterial growth, neutrophils reduce molecular oxy-
gen to superoxide radicals and reactive oxygen species (ROS), and release these
toxic metabolites in a process called respiratory burst (20, 21). Neutrophils die
within a few hours after entering the site of infection, forming a creamy exudate

called pus.
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1.1.3 Monocytes

Monocytes are an important cell type of the innate immune system, fulfilling a role
in inflammation and in the homeostasis of tissue macrophages and dendritic cells
(DCs) (22, 23). Monocytes originate in the bone marrow and are released into the
blood circulation where they patrol the environment. Based on their functional
properties and the expression of chemokine receptors, monocytes can be subdi-
vided into two major subsets. The high expression of lymphocyte antigen-6 C
(Ly6C) in mice defines the ‘classical’ or ‘inflammatory’ monocyte subset, whereas
low expression of Ly6C is linked to ‘non-classical’ monocytes (24, 25). Inflamma-
tory monocytes circulating in the blood migrate into tissues in a C-C chemokine
receptor type 2 (CCR2)-dependent fashion upon infection or inflammation, where
they undergo terminal differentiation and mediate proinflammatory responses
(24). Differentiated monocytes overlap in function and morphology with tissue-
resident macrophages and conventional DCs, and are consequently referred to
as monocyte derived cells (MCs) (26-28). MCs phagocyte microorganisms and
cell debris. They drive the proinflammatory cytokine response to activate other
leukocytes following infection (29, 30). The function of nonclassical monocytes
lies in the homeostasis. They replenish the pool of tissue macrophages and DCs

under basal and inflammatory conditions (30-32).

1.1.4 Macrophages and dendritic cells

Macrophages are mononuclear phagocytes that specialize in the digestion of mi-
crobial invaders, apoptotic cells and foreign matter. Macrophages are large and
irregularly shaped, and display many vacuoles within the cytoplasm which contain
engulfed material. In contrast to neutrophils, macrophages are long-lived cells
and are resident in tissues. Consequently, they are the first phagocyte to encoun-
ter an invading pathogen in infected tissue, which leads to the secretion of soluble
mediators to recruit other leukocytes to the site of infection. Apart from their func-
tion in the host defence, they are important in wound healing and immune regu-

lation (33). Some of their specific functions are described in more detail in section
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1.5.2.2. Additionally, macrophages function as antigen-presenting cells (APC) in
the activation of T cells (34, 35).

DCs are professional APCs and have a branched dendritic morphology. DC pre-
cursors exit the bone marrow and reside within body tissue in an immature state
termed immature DCs (iDCs). Although they share common functions with mac-
rophages, their key task is to link innate and adaptive immunity. In response to
activation by infection or insult, DCs undergo phenotypical and functional matu-
ration (36). In this process, DCs sense invaders through the PRRs, engulf the
pathogen and process antigens to peptides which are presented on the major
histocompatibility complex (MHC). Following maturation, DCs upregulate the ex-
pression of MHC class Il (MHCII) molecules, co-stimulatory receptors and chem-
okine receptors, such as C-C chemokine receptor type 7 (CCR7) (36-40). In order
to alert the adaptive immune system following pathogen invasion or insult, DCs
will leave the infected tissue, cross the endothelium of lymphatic vessels and mi-
grate to the T cell zones in secondary lymphoid organs (41). Here, the presenta-
tion of antigens to cognate T cells by mature DCs triggers antigen-specific im-

mune responses (42, 43).

1.2 Adaptive immune system

The hallmark of adaptive immunity is its recognition for specific antigens. In con-
trast to receptors of innate immune cells, which recognize a broad spectrum of
damage-associated molecular and pathogen-associated molecular patterns, the
B cell receptor (BCR) and T cell receptor (TCR) are highly antigen-specific. These
receptors achieve specificity to a wide array of molecules by undergoing random
“rearrangements” in the encoding gene in each cell during development, leading
to the production of billions of receptor variants (44). Because this can result in
malfunctional receptors and self-functional lymphocytes, T and B cells undergo
positive and negative selection in the primary lymphoid organs, which eliminates
the cells carrying these variants (45). The recognition of the specific antigen of
an infecting pathogen by its cognate BCR or TCR, results in the activation of the
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lymphocytes bearing this receptor. Consequently, this lymphocyte will then pro-
liferate and differentiate into effector cells to provide a targeted immune response.
B cells provide the adaptive humoral immunity, which is mediated by antibodies
produced by plasma cells. The T cell pool contains different subpopulations,

therefore the cellular immune response of activated T cells is more diverse (44).

1.2.1 Tcells

T cell precursors derive from the bone marrow and travel to the thymus where
they develop to mature T cells. T cell development within the thymus includes the
gene arrangements and the formation of a.:p and y:5 T cell receptors. T cells with
o TCR are called conventional T cells and represent the majority of T lympho-
cytes (46, 47). They can be further subdivided by the expression of CD4 or CD8
cell surface proteins, into CD4+ and CD8+ T cells respectively. After maturation,
T cells leave the thymus and circulate as naive T cells through the blood and

lymphoid tissue until they encounter their cognate antigen.

1.2.2 CD4+ T cells

CD4+ T cells are also termed helper T cells (Th) because of their function to
provide help in the immune activity of other innate and adaptive immune cells. In
order to give a targeted and efficient immune response in the course of infection,
helper T cells differentiate into distinct effector cells following activation. The lin-
eage-specific differentiation depends on various factors including cytokine milieu
of the microenvironment, antigen concentration, strength of interaction between

T cell and APC, and costimulatory molecules.

Th1l cells

In the presence of IL-12 and IFNy, CD4+ T cells differentiate towards Thl cells
(48). IL-12 is secreted by different myeloid cells after their activation via PRRs
(49, 50). In turn, IL-12 stimulates the production of IFNy by natural killer cells

(NKs) and other T cells. IFNy activates the signal transducer and activator of tran-
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scription 1 (STATL1) protein. This in turn triggers the activation of the T-box tran-
scription factor (T-bet), which is the key regulator in the Th1l differentiation (51).
T-bet not only induces the differentiation to Thl cell type, but also suppresses the
polarization of opposing cell lineages such as Th2 cell type (52, 53). Thl effector
cells develop in response to intracellular pathogens. They mainly secrete IFNy
and IL-2 cytokines, which increases the bactericidal activity of macrophages, in-
duces B cell antibody class switch and drives the production of opsonizing anti-

bodies.
Th2 cells

Development of Th2 cell lineages depends on the presence of IL-4 and IL-2 cy-
tokines. IL-4 induces STAT6 which is one of the essential transcription factors in
Th2 differentiation. STAT6 upregulates the expression of GATA-binding protein
3 (GATABR) (54-56). GATA3 enhances Th2 cell type cytokine production and se-
lective polarization towards Th2 subtype, and also suppresses Thl differentiation
(54). Th2 cells are required in the defence to extracellular parasites. However,
Th2 immunity has also been linked to the development of asthma and other al-
lergic diseases (57, 58). Th2 cells secrete a range of cytokines including IL-5, IL-
9, IL-13, IL-10, IL-25, with IL-4 being the key cytokine. Th2 cells mainly facilitate
B cell differentiation and the production of neutralizing antibodies.

Th17 cells

The commitment of CD4+ T cells to become Th17 effector cells depends on dif-
ferent cytokines such as IL-6, IL-21, IL-23 and transforming growth factor beta
(TGF-B), and the transcription factor called RAR-related orphan receptor gamma-
T (RORyT) (59). Th17 cells arise in response to extracellular bacteria and fungi.
Their function has also been associated with the generation of autoimmune dis-
ease (59, 60). The main cytokines released by Th17 cells include IL-17A, IL-17F,
IL-21, and IL-22. IL-17 induces the production of proinflammatory cytokines, such
as IL-6, IL-1, TNFa, as well as proinflammatory chemokines supporting the mi-

gration of inflammatory cells to sites of inflammation (61).
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Tregs

Regulatory T cells (Tregs) play a major role in the regulation and suppression of
immune responses and are important in the maintenance of immunological toler-
ance to self- and nonself-antigens. The differentiation of Tregs relies on the ex-
pression of forkhead box P3 (FOXP3) protein. A critical cytokine in the develop-
ment of induced Treg is TGF-B (62, 63). Tregs are essential in the negative reg-
ulation of immune responses after the successful clearance of the invaded path-
ogen, which prevents immunopathology (63-65). The cytokines released by
Tregs are IL-10, TGF-p and IL-35 (63-65).

1.2.3 CD8+ T cells

Following activation naive CD8+ T cells become cytotoxic effector cells (CTLS).
Usually, this activation requires strong co-stimulatory activity, which is provided
by DCs, the most potent APC type. In an event where APCs provide suboptimal
co-stimulation, activated CD4+ T cells can assist in the activation of CD8+ T cells
(66). In this case, CD4+ T cell must recognize its antigen on the same APC, bind
to it and secrete cytokines to either stimulate the APC and/or CD8+ T cell (66).
Following activation, CD8+ T cells synthesize IL-2 and its high-affinity receptor,
which together drive the proliferation and differentiation of CD8+ T cells. The func-
tion of CTLs lies in killing infected or cancerous cells. In order to do so, CTLs
target infected cells presenting their specific antigen on MHCI complex and per-
form their cytotoxic activity. The cytolytic activity of CTLs is mediated by two dis-
tinct pathways and requires direct cell-cell contact (67). One pathway involves
the Fas ligand, which is expressed on the surface of CTLs. The binding of Fas
ligand to the Fas receptor on the target cell triggers apoptosis through the classi-
cal caspase cascade in the target cell (68). The second pathway involves the
release of cytotoxic proteins such as perforin and granzymes into the intercellular
space. The uptake of this cytotoxic material by the target cell causes apoptosis

in a caspase-dependent and -independent manner (69).



Literature review

1.2.4 T cell activation

Activation of T cells is initiated by the recognition of the cognate antigen, pre-
sented on the MHC molecule by the TCR. MHCI molecules are expressed by
almost all cell types, while MHCII is expressed by professional APCs including
DCs, macrophages and monocytes. CD8 molecules support the binding of TCR
to the peptide loaded MHC (pMHC) I, and CD4 molecules are important in the
binding of TCR to pMHCII (70). The ligation of the TCR to its cognate antigen-
MHC, initiates an intracellular signalling cascade downstream of the TCR recep-
tor (Figure 1.1). This signal is essential to activate naive T cells but requires an
additional second co-stimulatory signal for full T cell activation. The second co-
stimulatory signal is provided by another cell-surface protein expressed on
T cells, namely CD28. The ligation of CD28 to its agonist B7.1 (CD80) or B7.2
(CD86) on the cell surface of professional APCs, with the simultaneous engage-
ment of TCR to the pMHC complex, generates an intracellular signal sufficient to
completely activate naive T cells. The contact region of the association of TCR
and co-receptors on the T cell to their agonists on the APC, is called immunolog-
ical synapse or short immune synapse. Within this immune synapse, the specific
receptors on the T cell and the APC cluster together, with cell-adhesion mole-

cules forming a tight bond around this region (71, 72).
1.2.4.1 Signalling pathways initiated by the TCR complex and co-receptors

The stimulation of the TCR complex leads to a signal transduction through the
cytoplasmatic region of CD3 proteins, to the interior of the T cell. CD3 proteins
are components of the TCR complex and harbor immunoreceptor tyrosine-based
activation motifs (ITAMS) in their cytoplasmatic domain, which can engage with
cytoplasmatic protein tyrosine kinases such as Fyn (73, 74). Following receptor
clustering these kinases are activated and phosphorylate tyrosine residues in the
ITAMs, leading to the recruitment of other signal molecules and enzymes binding
to the phosphorylated residues, resulting in their activation (74). Subsequently,
this initiates and amplifies other intracellular signalling pathways resulting in the

alteration of gene expression.
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An essential signal molecule in this signalling cascade is zeta-chain-associated
protein kinase 70 (ZAP-70) (75). ZAP-70 binds to the phosphorylated £ chain of
the TCR complex, that is further phosphorylated by the lymphocyte-specific pro-
tein tyrosine kinase (Lck) associated with the cytoplasmatic tails of CD4 and CD8
molecules (76). Activated ZAP-70 triggers three major signalling pathways which

are present in many other cell types.

In a series of events, ZAP-70 leads to the activation of phospholipase C-y (PLCy),
which in turn cleaves the phospholipid phosphatidylinositol-4,5-bisphosphate
(PIP2) to membrane lipid diacylglycerol (DAG) and the second messenger inositol
triphosphate (IP3) (77).

Activation of transcription factor NFAT

Production of IP3 mediates the increase of intracellular calcium (Ca?*) cations
(78). These Ca?* cations bound to calcium-sensitive proteins including calmodu-
lin, induce a conformational change (79). In this form, calmodulin interacts with
other proteins such as phosphatase calcineurin. Calcineurin initiates the release
of the nuclear factor of activated T cells (NFAT) (80).

Activation of transcription factor AP-1

The generation of DAG activates two signalling pathways involving protein kinase
C-6 (PKCB) and guanine nucleotide exchange factor RasGRP (81). DAG-initiated
activation of RasGRP facilitates the activation of Ras and the mitogen-activated
protein (MAP) kinase signalling cascade (82, 83). In subsequent steps of this sig-
nalling pathway, the extracellular signal-regulated protein kinase-1 (ERK-1) and
-2 (ERK-2) are activated (84). The ERK signalling pathway activates the tran-
scription of Fos which together with Jun, are components of the transcription fac-
tor activator protein-1 (AP-1) (85).

Activation of transcription factor NFkB

The signalling pathway of PKC6 targets the I«kB kinase (IKK), which in turn phos-
phorylates the 1kB (86, 87). IkB restrains the nuclear factor kappa-light-chain-

enhancer of activated B-cells (NFxB) in its inactive form in the cytoplasm. How-
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ever, the phosphorylation of kB results in its ubiquitination, leading to the release

of NFkB and translocation into the nucleus (88).

The combined effects of the transcription factors NFAT, AP-1 and NF«kB activate
the transcription of genes that direct and drive T cell proliferation and develop-
ment of effector functions. The gene encoding IL-2 is among these genes. IL-2 is
an important mediator to drive proliferation and differentiation of T cells.

CD28-mediated signalling

Co-stimulatory signalling initiates the phosphoinositide 3-kinase (PI3K) - protein
kinase B (PKB, also called Akt) signalling pathway, which is a central signalling
cascade regulating cell cycle, cell proliferation, cell survival and metabolism (89).
Following ligation of CD28 to its ligand, the intracellular domain region with a spe-
cific YXXXM sequence is phosphorylated. Subsequently, PI3K is recruited to
these phosphorylated sites of CD28 (90). PI3K catalyses the membrane lipid PIP2
to phosphatidylinositol 3,4,5-trisphosphate (PIP3). PIPsis an essential second
messenger in many cellular processes and arises in response to different growth
factors. PIPs facilitates the recruitment of various proteins to the side of the
plasma membrane. These proteins harbor a specific region called pleckstrin ho-
mology (PH) domain, which allows the binding to phosphatidylinositol lipids such
as PIP3(91). In this way, two serine kinases namely phosphoinositide-dependent
kinase-1 (PDK1) and Akt are recruited to the plasma membrane, which results in

the phosphorylation of Akt and its efficient activation (89).

In addition to the PI3K-Akt signalling pathway, CD28 stimulation can support the
TCR signalling through the activation of Ras. As described previously, activation
of Ras induces the MAP kinase signalling cascade resulting in the activation of
AP-1.

11
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Figure 1.1: Overview of the central signalling cascades downstream of
T cell receptor and co-stimulatory receptors involved in T cell activation.
The activation of signalling pathways such as NFAT, Fos, Jun and NFkB leads to
the expression IL-2 which drives T cell proliferation and differentiation. Illustration
reproduced courtesy of Cell Signaling Technology, Inc. (www.cellsignal.com).
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1.2.5 T cell anergy and peripheral tolerance

T cell anergy describes an unresponsive state of T cells where cells are intrinsi-
cally functionally inactivated following antigen encounter (92, 93). The purpose of
this is thought to be the inactivation of T cells that recognize self-antigens but
were not eliminated during the selection process within the thymus, and have
matured and entered the peripheral circulation. The lack of co-stimulatory activat-
ing signals when these cells recognize self-antigen usually does not result in the
activation of the T cells and actually causes anergy, which is characterized by the
inability to produce IL-2, proliferate and differentiate (94). These co-stimulatory
signals include the receptor B7, which is expressed on APCs (94, 95). Thus, T
cell anergy provides peripheral tolerance to protect the body from developing au-
toimmune diseases (96). Peripheral tolerance can also be induced by inhibitory
receptors. The immune system has evolved several immune checkpoints and
distinct regulatory pathways to limit and to counteract T cell activation. Two prom-
inent receptors expressed on activated T cells are cytotoxic T lymphocyte anti-
gen-4 (CTLA-4) and programmed cell death protein 1 (PD-1) (97, 98). CTLA-4
binds to B7 receptors and PD-1 to PD-1 ligand (PD-L1) which are both expressed
on the cell surface of APCs. Ligation of these two receptors initiates signalling
pathways that suppress T cell activation, cell proliferation and effector functions.
The function of these receptors has a significant role in controlling T cell re-
sponses following chronic inflammation and infection, and is associated with T
cell exhaustion. Therefore, CTLA-4 and PD-1 are targeted in cancer immunother-
apy and chronic viral infections in order to boost T cell immune responses (99-
101).

1.2.6 Immunometabolism of T cells

To provide a sufficient and fast immune response immune cells are conditioned
to react with cellular reprogramming to inflammatory and antigenic signals. This
cellular transformation has specific bioenergetic and biosynthetic requirements
which are met by dynamic changes in the cell metabolism. The emerging field of

immunometabolism elucidates key metabolic pathways such as glycolysis, fatty
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acid and mitochondrial respiration, and their dynamic regulation upon immuno-
logical challenges. Glycolytic metabolic pathway involves the uptake of extracel-
lular glucose and its subsequent intracellular processing to pyruvate in the cyto-
sol. Glycolysis is not the most efficient metabolic pathway to generate cellular
energy in form of ATP, resulting only in two molecules of ATP per unit of glucose.
However, glycolysis has other two key functions: on the one hand it provides the
reduction of NAD+ to NADH, which is required as cofactor for diverse enzymes
and to sustain biosynthesis during anabolic growth, on the other hand the enzy-
matic breakdown of glucose supplies the cell with biosynthetic intermediates
which are necessary for the synthesis of ribose for nucleotides, amino acids and
fatty acids. In this way, glycolysis plays an important role in the metabolism of
rapidly proliferating cells. The fate of generated pyruvate can lead to the reduction
to lactate in order to recycle NADH to NAD+ or it can enter the citric acid cycle
(also called tricarboxylic acid, termed TCA) which takes places in the mitochon-
dria. The TCA cycle not only oxidizes glucose-derived pyruvate but also incorpo-
rates other nutrients like fatty acids and glutamine. The TCA cycle has two es-
sential roles in providing precursors for amino acid and lipid biosynthesis and in
producing energy-rich components such as three NADH, one FADH2, and one
GTP per cycle. The generated NADH can then be further used in the mitochon-
drial electron transport chain to yield efficiently ATP during oxidative phosphory-
lation. The TCA cycle is believed to be used in most quiescent or non-proliferative
cells, while oxidative phosphorylation is acquired by cells that require high energy

and longevity.

In the context of T cell biology, the dynamic modulation of metabolic processes
such as glycolysis, fatty acid and mitochondrial metabolism have been deter-
mined to be critical factors in shaping T cell responses. Naive T cells are quies-
cent and more in an inactive metabolic state. Upon antigen encounter and T cell
activation, naive CD4+ and CD8+ T cells become highly proliferative and differ-
entiate to distinct effector cells. In order to meet these emerging bioenergetic and
biosynthetic needs during T cell activation, the metabolism shifts to an active

state. This process also includes expression of transporter for extracellular nutri-
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ents such as Glucose transporter 1 (Glutl) leading to an enhanced uptake of
glucose (102). In activated T cells the imported glucose is processed to pyruvate
and further to lactate rather than being oxidated in mitochondrial respiration to
produce ATP. This metabolic phenomenon of aerobic glycolysis or so called
‘Warburg Effect’ is necessary to ensure rapid proliferation providing the cell with
biosynthetic intermediates generated during glycolysis and is more favoured ra-
ther than diversion to oxidative phosphorylation increasing ATP production in ac-
tivated T cells. However, even though activated T cells are highly glycolytic, mi-
tochondrial respiration is increased after TCR-mediated stimulus and play an es-
sential role in T cell activation and the acquisition of effector functions (103). In-
terestingly, different T cell subtypes display divergent metabolic profiles. In con-
trast to effector T cells, memory T cells do not have energetic requirements as
they do not have high proliferation rate and do not secrete large amounts of cy-
tokines, consequently their metabolic properties resemble more the catabolic me-
tabolism of naive T cells (104). However, a feature of memory CD4+ and CD8+
T cells is their increased mitochondrial mass and their higher spare respiratory in
comparison to naive T cells (105) allowing them a faster metabolic shift during a
re-encounter with specific antigens. Furthermore, Tregs also resemble the meta-
bolic profile of naive T cells being less glycolytic and relying more on oxidative
phosphorylation (106, 107). Interestingly, differences in the lipid metabolism is
observed among different T cell subtypes. In Tregs the metabolic pathway is more
shifted to fatty acid oxidation, while effector T cells of the Th17 lineage rely on de

novo fatty acid synthesis during differentiation and maintenance (106, 108).

Taken together, T cell metabolism is a key element in controlling T cell develop-
ment and function, and in shaping the T cell immune responses. Understanding
of how metabolic processes can shape T cell immune responses can be used as
tool to drive T cell responses in a specific direction. Nutrient shortage and dys-
function in metabolic pathways not only lead in T cells to insufficient immune re-

sponses and but also can influence the outcome of the disease.
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1.3 Leukocyte migration and integrins

The motility of leukocytes between blood and tissues is a fundamental process in
all aspects of immune response. In response to tissue damage or infection, ef-
fector immune cells are required to migrate to sites of inflammation, eventually
cross the venular walls, and enter the interstitium. This transendothelial migration
is part of a process called leukocyte extravasation. The attraction of effector cells
to the site of inflammation can be initiated by the presence of pathogen-associ-
ated molecular patterns, or released pro-inflammatory cytokines and chemokines
(109). Transendothelial migration is a temporally controlled cascade of events
mediated by complementary pairs of adhesion molecules and can be subdivided
in four general steps (110). The first event is a weak and transient adhesive in-
teraction between circulating leukocytes and endothelial cells of postcapillary
venular walls, which slows down leukocytes. This is usually facilitated by adhe-
sion molecules called selectins and vascular addressins (111). In this reversible
attachment, leukocytes detach and attach from these bounds, resulting in a rolling
movement along the vascular walls. A firm adhesion and leukocyte arrest which
represents the second step is mediated by adhesion molecule family integrins to
vascular cell adhesion molecule-1 (VCAM-1) and intracellular adhesion molecule-
1 (ICAM-1) (112). The third step is called diapedesis, leukocytes squeeze through
the endothelial cell barrier reaching the basement membrane (113). The last step
involves the directed movement of leukocytes towards a chemokine gradient to
the centre of the infection site.
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Figure 1.2: Leukocyte-vessel wall interactions. Overview of the sequential
events in the transendothelial migration and the adhesion molecules involved.
Image adapted from Nourshargh et al. (110).
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1.3.1 Integrins

Integrins present an essential transmembrane protein family which facilitate cell-
cell and cell-extracellular matrix contact and adhesion. Therefore, they play a fun-
damental role in tissue integrity and cell migration. Integrins are heterodimeric
proteins consisting of two noncovalently associated type | transmembrane glyco-
proteins, the o and the B subunits (114). In mammals there are 18 o and 8
subunits found, which can make up to 24 integrin proteins in different combina-
tions. The B2 subunit is exclusively expressed in leukocytes and forms with differ-
ent o subunits different integrin proteins including the lymphocyte function-asso-
ciated antigen-1 (LFA-1, a.p2), macrophage antigen-1 (Mac-1, amp2) and very
late antigen-4 (integrin VLA-4, a4f1), which are essential for the intact functioning

of immune cells (114).

Because integrins are mechanical transmembrane linkers connecting extracellu-
lar events to the cytoskeleton, their signalling is bidirectional and is often referred
as “inside-out” and “outside-in” signalling. The affinity and avidity of ligand binding

is mediated by the conformational changes and clustering of integrins. Integrins
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have three major conformational states, which are classified as low affinity, high
affinity and ligand occupied (115, 116). Under basal conditions circulating leuko-
cytes maintain their integrins in a non-active, low affinity state. The binding of
different receptors to their agonists (e.g. chemokines or cytokines) triggers intra-
cellular events leading to conformational change to integrins’ active form (inside-
out signalling) (117). Ligation of integrin to its extracellular ligand induces integrin
clustering leading to the formation of highly organized intracellular complexes in-
cluding signalling molecules that eventually result in the activation of downstream
signalling (outside-in signalling). Subsequently, these signalling events mediate
cell spreading and migration, and enhance signalling pathways leading to cell

proliferation and survival (117).

1.4 Arf-GTPases exchange factors of the cytohesin family

1.4.1 Arf-GTPases

Adenosine diphosphate ribosylation factor (Arf) proteins are small molecular gua-
nosine triphosphatases (GTPases) of the Ras superfamily. Arf proteins play a
pivotal role in fundamental cellular processes involving vesicular trafficking, orga-
nelle organization and actin remodelling (118). In Mammalia there are six mem-
bers of the Arf protein family found which are numbered Arfl to Arf6. They are
further subdivided in three classes based on their sequence homology. The
class | consists of Arfl, Arf2 and Arf3. These proteins are highly conserved in all
eukaryotes and are involved in recruiting proteins of the secretory pathways to
the trans-Golgi network (TGN) (119). Arf4 and Arf5 represent class Il, which arose
evolutionary later during animal cell evolution (120). The functions of Arf4 and
Arf5 are not well understood but some evidence suggests a role in the early Golgi
transport and in recruiting coat components to trans-Golgi membranes (120,
121). Arf6 is the only member of class Il and acts on the site of the plasma mem-
brane (122). The function of Arf6 lies in the regulation of endosomal-membrane

traffic and actin reorganization (118). Arfé can activate phospholipase D (PLD),
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which subsequently initiates processes at the plasma membrane such as ruffling,
phagocytosis and cell motility (118, 122-124).

Because of their important cellular functions, Arf proteins need a tight regulation.
In response to intracellular changes and signalling, Arf GTPases can switch be-
tween active guanosine triphosphate (GTP)-bound and inactive guanosine di-
phosphate (GDP)-bound confirmations (125). This cycle of GTP binding and hy-
drolysis is tightly regulated by guanine nucleotide exchange factors (GEFs) and
GTPase-activating proteins (GAPs) (Figure 1.3) (125, 126). GEFs mediate the
exchange of GDP to GTP. The binding of GTP leads to a conformational change
of Arf proteins and allows the interaction with target proteins. Due to the low in-
trinsic GTPase activity, GTP hydrolysis is triggered by GAPs (126). There are six
Arf-specific GEF and eleven GAP protein subfamilies which coordinate the Arf
activity (127, 128).

B
®
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Figure 1.3: Regulation of GDP/GTP exchange in Arf proteins by guanine nu-
cleotide exchange factors (GEFs) and GTPase-activating proteins (GAPSs).
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1.4.2 Structure and regulation of cytohesins

One important Brefeldin-A insensitive subfamily of Arf-GEFs are cytohesin pro-
teins. In comparison to other GEF subfamilies, cytohesins are small in size (~ 47
kDa) and have only four family members; cytohesin-1 (Cythl) (129), cytohesin-2
(Cyth2 or ARF nucleotide-binding site opener, short ARNO) (130), cytohesin-3
(Cyth3 or General receptor of phosphoinositides 1, short Grp-1 and Steppke in
Drosophila) (131) and the less well studied cytohesin-4 (Cyth4) (132).

All four proteins share similar protein domain structure that contains a N-terminal
coiled-coil domain, a central Sec7 domain and a C-terminal PH domain, which is
followed by a short polybasic (PB) region (Figure 1.4). The coiled-coil domain is
required for protein-protein interactions and dimerization (133). The Sec7 domain
harbors highly conserved regions and is essential for cytohesins’ GEF activity
(131). A Sec7 specific inhibitor termed SecinH3 can block this activity for all cy-
tohesins, and has been utilized as a tool for dissecting the biological function of
cytohesins in recent years (134). The PH domain is associated with the binding
of cytohesin to inositol phospholipids and therefore, its recruitment to the plasma
membrane (135, 136). The membrane association of cytohesin proteins can be
regulated by PI3K, which converts PIP2 to PIPs (137). Depending on the alterna-
tive splice variants for either two or three glycine residues in the inositol-binding
site of cytohesin proteins, cytohesins show selective affinities for PIP2 or PIP3
binding (138, 139). The triglycine isoform shows low affinity for PIPs. So far, it is
not completely understood, how these splice variants are regulated, however ev-
idences suggest that Arf- and Arf-like proteins can promote the association of
cytohesin to the plasma membrane by binding to its PH domain, irrespectively
their diglycine or triglycine isoforms (140, 141). Moreover, the C-terminal PB re-
gion, which contains positively charged amino acids, stabilizes the membrane

association and the interaction of the PH domain to PIP3 (142).

Interestingly, cytohesin-1 and cytohesin-2, which are highly similar in protein or-
ganization, have phosphorylation sites at the C-terminal polybasic region, that

can be phosphorylated by the protein kinase C (PKC) (143). Cytohesin-1 bears
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one threonine- (threonine 395) and two serine- (serine 393 and serine 394) phos-
phorylation sites, while cytohesin-2 contains only one serine (serine 392) phos-
phorylation site (143, 144). The phosphorylation of cytohesin-1 and cytohesin-2
influences the association to the plasma membrane. Notably, cytohesin-3 does
not harbor any phosphorylation sites at the C-terminus, which indicates differ-
ences among the cytohesins in their regulation and recruitment to membranes
and consequently, their cellular distribution. Furthermore, cytohesins display dif-
ferent expression profiles. Cytohesin-1 and cytohesin-4 are mainly expressed in
immune cells, whereas cytohesin-2 and cytohesin-3 are ubiquitously expressed.
These differences may influence their distinct functional properties in the cell and
explain distinct differences among the members despite their similar structural

organization and high sequence homology (70-90% among cytohesins).

Cytohesins also differ in their preferences of Arfs. Cytohesin-1 catalyses Arfl,
Arf3 and Arf6, whereas cytohesin-2 and cytohesin-3 exchange GDP to GTP for
Arfl and Arf6é (130, 132, 145, 146). In contrast, cytohesin-4 is a GEF for Arfl and
Arf5 (132).

In addition to their role as regulators of GTPases, cytohesins show a variety of
other cellular functions, which some are discussed below. A feature of the cyto-
hesins is their ability to interact with different transmembrane proteins. Through
these interactions they can transmit extra- or intracellular signals and in this way,
participate in diverse cellular signalling pathways. Two prominent transmembrane
proteins which interact with cytohesins are integrins and the insulin-receptor. Both
transmembrane receptors fulfil essential roles in tissue integrity, cell motility,

growth, development and metabolic homeostasis.
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Figure 1.4: Structural domains of the cytohesin proteins.

1.4.3 Cytohesins in development and metabolism

Over the past years more evidence has emerged identifying some members of
the cytohesin protein family to have significant function in development and me-
tabolism. Cytohesin-2 appears to be essential in the development of mice as full
knockout of cytohesin-2 is neonatal lethal in mice (Jux, B., unpublished). Although
the mechanisms behind is not quite understood, studying distinct tissue-specific
cytohesin-2 knockout mice suggests that the impaired mouse development must

originate from an accumulated effect of different organs (Jux, B., unpublished).

A prominent role of cytohesin-3 in the metabolism and development has been
elucidated by diverse studies for vertebrates as well as invertebrates. In Drosoph-
ila the complete deletion of Steppke is early embryonic lethal, while transhetero-
zygous deletion of Steppke leads to a decreased body size and weight in larvae,
pupae and adults (147). Here, Steppke acts upstream of PI3K (147). Lack of
Steppke results in a defective insulin signalling leading to a reduced phosphory-
lation Akt (Figure 1.5) (147).

Subsequent studies analysed cytohesin-3’s role in the insulin-receptor signalling
in Mammalia. Mice fed with SecinH3 containing chow develop hepatic insulin re-
sistance, leading to elevated expression of genes involved in gluconeogenesis,

and decreased expression of genes involved glycolysis in an insulin-dependent
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manner compared to mice not on a SecinH3 diet (148). Cytohesin-3 deficient
mice show upon age or under high fat diet a reduced body weight gain, as well
as decreased blood glucose levels in comparison to wildtype littermates (149).
This corresponds to a lower weight of body fat and reduced glycogen levels. De-
letion of cytohesin-3 leads in adipose tissue to a reduced activation of Akt and
ERK signalling pathways after insulin injection (149). These observations support
the idea that lack of cytohesin-3 results in an impaired signalling downstream of
the insulin-receptor and strengthen the concept of cytohesin-3 to be required for

intact insulin-receptor signalling and lipogenesis.

Insulin
Insulin-receptor
I
‘ | PIP; Arfé
Cytohesin-3
IRS-1 e
AKT ®

l

Transcription of insulin target genes

Figure 1.5. Involvement of cytohesin-3 in the insulin-receptor signalling.
Upon insulin stimulus, translocation of cytohesin-3 to the plasma membrane is
required for the phosphorylation of insulin-receptor substrate 1 (IRS-1) which
leads in further cascade to the phosphorylation of Akt, followed by the transcrip-
tion of insulin target genes.
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1.4.4 Cytohesins in the regulation of integrins, cell motility and adhesion

Other important functions of cytohesins involve distinct intracellular signalling
pathways associated with cell motility, cell adhesion, chemotaxis and rearrange-
ment of the cytoskeleton in leukocytes and non-immune cells (129, 150-152). Cy-
tohesin-1 was first described to interact with the cytosolic 2 chain of LFA-1 (129).
In this study, overexpression of cytohesin-1 or its Sec7 domain led to increased
binding of Jurkat T cells to ICAM-1. Further studies also determined a role for
cytohesin-3 in LFA-1/ICAM-1 mediated adhesion (153).

Even though, the exact mechanistic role of cytohesins in integrin biology is not
completely understood, the current findings suggest that the function of cytohesin
does not follow a unidirectional pathway, but is rather multifaceted. Some aspects
are explained below.

Inside-out/Outside-in signalling

In response to extracellular events, cytohesins participate in integrin inside-out
signalling as well as outside-in signalling. One example for cytohesin-1-mediated
inside-out signalling has been demonstrated by work of our laboratory (154).
Here, cytohesin-1 acts upstream of Ras homolog gene family member A (RhoA)
to induce chemokine-dependent conformational changes of B2 chain of integrin
in mature DCs and consequently, modulates the integrin-dependent adhesion
and migratory behaviour (155). Furthermore, ligation of integrins initiates down-
stream signalling which involves cytohesins and Arf proteins, and drives the cy-
toskeletal rearrangements (150, 151, 156-158).

Differential requlation of B1 and B2 integrins

Notably, the interactions between integrins and cytohesins have differential ef-
fects on the adhesive properties of integrins depending on the integrin and the

adhesion matrix involved.

In activated polymorphonuclear neutrophils (PMNs), siRNA mediated abrogation
of cytohesin-1 leads to increased Mac-1 mediated cell adhesion to immobilized

fibrinogen (159), which suggests a negative regulation of Mac-1 activation and
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Mac-1 dependent adhesion by cytohesin-1. In contrast, LFA-1 mediated cell ad-
hesion of PMNs to human umbilical vein endothelial cells (HUVEC) is decreased
when cytohesin-1 is abrogated (160) implying that cytohesin-1 positively regu-
lates LFA-1 adhesion. Interestingly, adhesion of activated PMNs to fibronectin,
which is predominantly facilitated by B1 integrins is decreased when cytohesin-1
is overexpressed, leading to the conclusion that cytohesin-1 negatively regulates
B1 integrin mediated adhesion (160).

These observations illustrate the complex specificity and differential functions of
cytohesins in cell motility. It shows a selective regulation of distinct B2 integrins
such as LFA-1 and Mac-1 by cytohesin-1. Furthermore, it displays cytohesins’
opposing effects on 1 and B2 integrins. Mac-1 and LFA-1 fulfil different functions
in endothelial transmigration: LFA-1 mediates slow cell rolling and cell arrest
while Mac-1 facilitates a crawling motion (161). B1 integrins interact with fibron-
ectin, which is likely to be found in the interstitial space. A sequential activation
of different integrins during cell migration is essential for controlled and directed
cell movement. The given observations favour the concept of cytohesin as a can-
didate for mediating fine-tuning of the sequential activation of various integrins,
coordinating the crosstalk between various integrins as well as the adapter pro-

teins that connect the cytoplasmic domain of integrins to the actin cytoskeleton.

Reciprocal requlation by different cytohesins

In addition to the functional specificity of cytohesins in integrin regulation, different
members of the cytohesin family show divergent effects on cell migration. Knock-
down of cytohesin-2 in Madin-Darby Canine Kidney (MDCK) cells leads to a re-
duced cell migration whereas cytohesin-3 silencing results in an increased cell

migration (162).

Selective coordination of podosome formation

Furthermore, recent evidence by our group and others, discovered cytohesin-2
to be important in podosome formation (163). Podosomes are actin-rich struc-
tures which localize on the outer surface of the plasma membrane and are im-

portant in cell motility and invasion (164-166). Cytohesin-2 exerts selective coor-
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dination of podosome formation depending on the extracellular matrix (Namislo,
A., unpublished). Deletion of cytohesin-2 in iDCs results in an increased podo-
some formation on gelatine-rich surface and a decrease in podosome formation

on fibronectin matrix (Namislo, A., unpublished).

Taken together, cytohesins play a prominent role in the regulation of integrins,
and in this way, modulate precise processes involved in cell migration. However,
the exact underlying molecular and cell biological mechanisms are not well un-

derstood yet.

1.4.5 Cytohesins in T cell activation

A role of cytohesins in T cell activation has also been suggested by different stud-
ies. As mentioned previously, cytohesins are involved in LFA-1-mediated signal-
ling. Perez et al. demonstrated that the threshold for T cell activation was lowered
in T cells when LFA-1 stimulation was absent (167). The group revealed that ex-
tracellular stimulation of LFA-1 resulted in the phosphorylation of the cytosolic 32
integrin chain which in turn led to a signalling cascade involving ERK and cyto-
hesin-1. Blocking the function of cytohesin-1 affected IL-2 production and Thl
differentiation (167). Furthermore, cytohesin-3‘s function was linked to T cell an-
ergy. Comparative analysis of gene expression in anergic and responsive murine
T cells showed an increased expression of cytohesin-3 in T cell anergy (168). In
addition, work by our laboratory demonstrated in an in vitro peripheral tolerance
model that cytohesin-3 expression was increased in attenuated CD8+ T cells.
Induced expression of cytohesin-3 depended on PD-1 co-stimulation (Tolksdorf,
F., PhD thesis, Paul, B., PhD thesis). The given observations suggest a regula-

tory function of cytohesins in T cell biology.
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1.4.6 Cytohesins are utilized by pathogens

Since cytohesins appear to play a significant role in cell biology, they are also
targeted by various pathogens. Salmonella actively utilizes cytohesins to promote
bacterial internalization into the host cell (169). Efficient Salmonella invasion re-
quires membrane ruffling and host cell macropinocytosis which is mediated by
the WAVE regulatory complex (WRC) and Arf proteins (170). In this process, cy-
tohesin-2 acts as a mediator for WRC and Arfl recruitment, and their activation.
Upon infection, Salmonella injects effector proteins such as SopB, a phospho-
inositide phosphatase, into the host cell that recruits cytohesin-2 to the invasion
site at the host cell plasma membrane. This in turn modulates the underlying actin

polymerization and consequently, facilitates bacterial ingestion (169).

The link between cytohesin-2 and pathogen invasion was also established for
Shigella flexneri infection (171). Cytohesin-2 is recruited by the Shigella virulence
factor, inositol phosphate phosphatase (IpgD), to the bacterial entry site at the
host plasma membrane, where it functions upstream of Arf6 creating a positive
feedback loop supporting Shigella invasion into the host cell.

Interestingly, mechanistic modulation of cytohesin-2 in a counteracting fashion
towards pathogen phagocytosis has been described for enteropathogenic
(EPEC) and enterohaemorrhagic Escherichia coli (EHEC) (172). To remain ex-
tracellular and to evade engulfment by macrophages, EPEC and EHEC interfere
in the actin remodelling processes controlled by the WRC, by injecting effector
proteins into the phagocytes via the type 3 secretion system (T3SS). One of the
effector proteins EspG binds to Arf6é which sterically hinders the association of
Arf6 with cytohesin-2 and in turn, its translocation to the plasma membrane. This
then antagonizes cytohesin-2-regulated signalling to WRC.

All the discussed functional observations are largely based on in vitro studies and
little is known about the pathogenic and immunologic relevance of cytohesins
during mammalian infection. This project aims to determine the immunological
role(s) of cytohesins during in vivo infection with respiratory pathogens including

L. pneumophila and influenza A virus.
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1.5 Legionella pneumophila and Legionnaires’ disease

L. pneumophila is a flagellated Gram-negative bacillus and the causative agent
of an acute pneumonia known as Legionnaires’ disease (173, 174). Naturally
L. pneumophila is found in freshwater and soil-environments where it can form
complex biofilms, or within unicellular protozoa such as Acanthamoebae and
Naegleria, which serve as replicative niche (175-177). Contamination of water-
bearing structures including cooling towers and water fountains can facilitate bac-
terial transmission of L. pneumophila to humans. Inhalation of L. pneumophila
contaminated aerosols can then lead to pulmonary infection in immune compro-

mised and elderly people.

To cause infection, L. pneumophila is internalized by alveolar macrophages (AM)
in the lung, which fail to kill the bacteria. Engulfed L. pneumophila utilizes a type
IV secretion system (T4SS) termed defect-in-organelle-trafficking/intracellular-
multiplication (Dot/lcm) to translocate more than 300 effector proteins into the
host cell (178-181) (Figure 1.6). These effector proteins interfere with host cell
structure and function in order to evade the cell intrinsic immune response, and
to form a replicative vacuole termed Legionella-containing vacuole (LCV) (182,
183). The LCV interacts transiently with mitochondria, and forces the recruitment
of host derived smooth vesicles, ribosome-studded membrane fragments and
multiple endoplasmic reticulum (ER)-associated proteins to the LCV (184). One
prominent Dot/lcm effector protein in this complex process is the recruitment of
Arfl to Legionella phagosome (RalF). RalF harbors a Sec7 homology domain
and can act as GEF for Arfl (185). By hijacking Arfl to the vacuolar membrane,
RalF modulates vesicle trafficking, in particular the ER-to-Golgi traffic. In similar
fashion, the small GTPase Rabl is recruited to the site of LCV by multiple Dot/lcm
effectors, including substrate of the Dot/lcm secretion system (SidM) (Figure 1.7)
(186). A hallmark of Legionella effector proteins is their overlapping and redun-
dant functionality in myriad processes. However, the Dot/lcm secretion system is
essential for bacterial replication in macrophages and amoebae (182, 184). At
the end of the infection cycle, when Legionella replication is completed and host
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cell nutrients are exhausted, Legionella initiates host cell lysis and subsequently,
infects neighbouring cells (Figure 1.6) (187).

Healthy individuals usually remain asymptomatic when infected with L. pneu-
mophila and do not develop Legionnaires’ disease. However, Legionella infection
is a significant public health problem with infection risk highest in immune com-
promised people such as elderly adults, smokers, and patients on immunosup-
pressive therapies (182, 188).
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Figure 1.6: Infection cycle of L. pneumophila in macrophages. L. pneumoph-
ila is internalized by macrophages. L. pneumophila utilizes the type IV secretion
system (T4SS) to inject effector proteins into the host cell. These effector proteins
hijack host proteins and ER-derived vesicles to establish the Legionella-contain-
ing vacuole (LCV). Following replication and at the end of the infection cycle,
L. pneumophila lyses host cell and infects neighbouring cells.
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Figure 1.7: Biogenesis of Legionella-containing vacuole. L. pneumophila in-
jects different effectors including SidM and RalF into the cytosol of the host cell
through the Dot/lcm secretion system (T4SS). To recruit vesicles from the host
cell secretory pathway to the vacuole, host proteins Arfl and Rab1 are hijacked
by L. pneumophila effectors and translocated to the vacuole.

1.5.1 Animal mouse model of Legionnaires’ Disease

To study Legionella pathogenicity, different small mammalian models including
guinea pigs and mice have been developed, that have provided a better under-
standing of the host-pathogen interaction and the immune response to Legionella
infection. However, most of the inbred mouse strains infected with L. pneumoph-
ila, clear the pathogen from the lung within a week of infection without developing
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pneumonia (189-191). One exception is the A/J mouse strain, which is permissive
for Legionella infection. The infection progresses to an acute pneumonia, show-
ing similar characteristics to human disease such as acute bronchopneumonia
with consolidation of alveolar spaces and epithelial necrosis, as well as strong

population of neutrophils and eosinophils in the alveolar septa (190, 192).

Further investigation of the susceptibility of A/J mice to Legionella infection re-
vealed polymorphisms in the Lgnl genetic locus on chromosome 13 encoding
Naip5 (182, 193-195). In wildtype C57BL/6 mice, Legionella-derived flagellin is
sensed by NAIP5 leading to formation of the NLCR4 inflammasome, which in turn
results in the cleavage and activation of caspase-1, IL-1p and IL-18, and pyrop-
tosis (196-198). In A/J mouse strain this response is weakened leading to more
severe disease. This knowledge has led to the use of aflagellated L. pneumophila
mutants in C57BL/6 mice, to bypass stimulation of the NLRC4 inflammasome and

TLRS5 signalling, allowing greater bacterial replication in the lung (199-201).

1.5.2 Immune responses to L. pneumophila in mice

The immune response to L. pneumophila involves a series of molecular and cel-
lular events that lead to a robust pro-inflammatory response produced by a coop-
erative network of tissue-resident and inflammatory phagocytes (202). The infec-
tion can generally be controlled within 5 — 7 days by a rapid innate immune re-

sponse, however sterile clearance usually requires adaptive immunity (203-205).

1.5.2.1 Recognition of L. pneumophila by PRRs

Studying the innate immune responses to L. pneumophila infection has revealed
that TLR-MyD88 signalling pathway is an essential component in the clearance
of L. pneumophila in infected macrophages (206). Mice deficient in MyD88 are
incapable of eliminating L. pneumophila, which leads to bacterial dissemination
followed by death (207, 208). Additionally, the production and secretion of pro-
inflammatory cytokines and chemokines, as well as leukocyte recruitment, de-
pends on MyD88 signalling (207, 209). The recognition of L. pneumophila by mu-
rine macrophages requires all of TLR2, TLR5 and TLR9 (199, 210-212). TLR2
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recognizes bacterial lipopeptides and the 19 kDa highly conserved peptidogly-
can-associated lipoprotein in peritoneal macrophages, which induces the produc-
tion of cytokines such as IL-6 and TNF. TLR5 senses the flagellin which results
in the activation of NFKB and the production of IL-6 and TNF (213, 214). TLR9
recognizes CpG motifs and leads to the production of TNF and IL-12 (212, 215,
216). Interestingly, studying different TLR knockout mice during L. pneumophila
infection has revealed that only TLR2 deficiency had an impact on bacterial clear-
ance in the lung. However, none of the single or multiple TLR knockouts displayed
the same phenotype as MyD88 knockout mice, indicating that other MyD88 path-
ways may be involved in the clearance of L. pneumophila (217-219).

Besides TLRs, cytosolic NLRs play a role in bacterial sensing. NOD1 and NOD2
can be stimulated through the recognition of bacterial peptidoglycans in the cyto-
sol. Their stimulation results in the recruitment of NFkB, which depends on RIPK2
and MAPK signalling (220, 221). Both NLR proteins contribute to neutrophil re-

cruitment and the restriction of intracellular replication (222).

1.5.2.2 Cell recruitment and cellular interactions during L. pneumophila
infection

Immune cell recruitment and cellular responses to infection play an essential role

in the clearance of L. pneumophila (207). The lung harbors a number of tissue-

resident phagocytes including macrophages and cDCs which present the first im-

mune defence barrier for microorganisms that enter the airways (32).

Lung-tissue-resident macrophages comprise alveolar (AM), interstitial, and bron-
chial macrophages. 90% of these macrophages are AM which are located at the
epithelia of the alveolar space (32, 223). The function of AM lies in inflammatory
or tolerogenic responses. They engulf foreign particles and microbes, and medi-
ate pro-inflammatory responses. Further, they remove apoptotic cells and sustain
tissue homeostasis (224). In addition to that, they display immunomodulatory
properties, regulating the inflammatory responses of alveolar epithelial cells, DCs
and T cells (223). Upon infection, AM increase their oxidative burst and the pro-

duction of pro-inflammatory cytokines and chemokines, such as IL-1a/p, IL-6,
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TNF, and CXCL2 (223, 225-227). As AM represent the replicative niche for
L. pneumophila infection, macrophage-like cell lines have been used extensively
to investigate LCV biogenesis (181, 182, 184). After ingestion, L. pneumophila
counteracts fusion of the LCV with lysosomes and blocks autophagy (228-233).
In addition, L. pneumophila inhibits protein translation leading to reduced cytokine
production, although infected AM can partially overcome this inhibition and re-
lease IL-1a and IL-1f to initiate the paracrine production of TNF by proximal non-
infected macrophages (234-237). AM can interfere with L. pneumophila replica-
tion through cell death by apoptosis and pyroptosis (238-243). Due to cell death
and cell lysis mediated by Legionella pneumophila the number of AM decreases
in the early phase of infection, however, the population is replenished in the
course of bacterial clearance (244).

Following L. pneumophila infection cDCs, neutrophils and inflammatory mono-
cytes infiltrate the lung in the first days of infection (244). cDCs show two popu-
lations in the lung. The first one, expressing CD103, is found on the basolateral
face of the epithelia in the alveolar space and the second subtype, expressing
CD11b, is located deeper in the lung parenchyma (32, 223, 245-247). Upon L.
pneumophila infection, cDCs are recruited to the lung but, in contrast to AM, are
not efficiently infected by L. pneumophila. Engulfed L. pneumophila also does not
efficiently translocate effector proteins into cDCs (248). In vitro, DCs may control
L. pneumophila replication either through pyroptosis mediated by caspase-1-
Naip5/NLRC4 or through Bax/Bim-dependent apoptosis (249). However, the ma-

jor contribution of cDCs likely lies in priming the T cell response.

In response to L. pneumophila infection, neutrophils rapidly populate the lungs of
mice and represent one of the dominant cell types in the innate response to
L. pneumophila (244). The amount of neutrophils negatively correlates with bac-
terial load in the lung (250), and mice depleted of neutrophils cannot efficiently
restrict pulmonary L. pneumophila infection (251-253). After infiltration, neutro-
phils phagocyte L. pneumophila and become the largest cell population staining
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positive for L. pneumophila in the early stages of infection in mice (244). Interest-
ingly and similar to AM, translocation of L. pneumophila effector proteins has
been observed in neutrophils (248). However, in comparison to AM, neutrophils
restrict L. pneumophila replication (244, 248). The bactericidal activity of neutro-
phils requires ROS produced by the NADPH oxidase complex (254). Neutrophils
also produce TNF, IL-17A and IL-1a, which affects the secretion of IFNy by by-
stander cells (248, 251, 255).

MCs are major contributors to the clearance of L. pneumophila infection. MCs
engulf bacteria and show similar levels of L. pneumophila—positive staining as
neutrophils (244). Apart from their bactericidal activity, MCs are a crucial source
of TNF during L. pneumophila infection and they stimulate lung-infiltrated lym-
phoid cells to produce IFNy, including NK cells and T cells, which in turn stimu-

lates the bactericidal activity of MCs (244).

NK cells and T cells are recruited in the early acute phase upon L. pneumophila
infection and represent the main source of IFNy (Brown, A.S., PhD thesis). Work
of our group identified that T cells, which enter the lung in the early acute phase
of infection, to be not L. pneumophila-specific and to participate in the IFNy re-
sponse in a non-cognate manner (244). However, in the late stage of L. pneu-
mophila infection, Thl and Th17 cells are primed at the mediastinal LNs and mi-

grate to the site of infection, where they mediate IFNy and IL-17 responses (256).

B cells also migrate to the site of infection and memory B cells can still be found
7-10 days after infection in the lung. B cells mediate humoral responses against

L. pneumophila including IgG and IgA responses (257).
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1.6 Influenza

Influenza, also often referred as flu’, is an acute respiratory disease which is pri-
marily caused by influenza A and B virus (258). Influenza outbreaks occur in sea-
sonal and pandemic fashion (259). The common symptoms of seasonal influenza
include high fever, sore throat, runny nose, headache, muscle pain, coughing and
feeling tired. However, the symptoms can vary from mild to more severe leading
in some cases to complications and lethal pneumonia (260, 261). Yearly, influ-
enza virus infection leads to 3-5 million cases of severe illness worldwide (258).
Elderly, immunocompromised individuals, as well as pregnant women and young
children represent high-risk groups (259, 262, 263). Human transmission of influ-
enza usually happens through contact and droplets from sneezing or coughing of
infected person (264). Usually, infected immunocompetent humans recover from

the common flu within one week (259).

Influenza represents a big health care burden and because of its potential mor-
bidity and mortality in human, it has been a focus of intense research in the past.
Over the last years different animal models have been established to elucidate
the pathogenesis of influenza viruses and to study adaptive immune responses

in viral infections.

1.6.1 Adaptive immune responses to influenza in mice

Mice infected with murine-adapted influenza virus strain develop a lower respira-
tory infection, which clinically manifests as a primary viral pneumonia accompa-

nied with laboured breathing and severe pulmonary histopathology (265-267).

The adaptive immune response to influenza virus in mammals compromises both
humoral and cellular elements. Infection by influenza virus initiates the production
of virus specific antibodies by B cells. Antibodies targeting the viral hemagglutinin
(HA) and neuraminidase (NA) proteins have been shown to provide protective
and sterilizing immunity (268-270). Furthermore, non-neutralizing antibodies se-

creted by B cells facilitate viral elimination and support specific antibody-depend-
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ent cell-mediated cytotoxicity. This process initiates cell lysis of infected cells by
NK cells (271, 272).

Adaptive cellular immune response to influenza infection is mediated by influ-
enza-specific T cells (273). Thl cells produce IL-2 and IFNy which stimulates CTL
responses. Th2 cells secrete cytokines including IL-4, IL-5 and IL-13 and facilitate
the activation and differentiation of B cells (274-276). CTLs restrict the viral prop-
agation by lysing the infected cells in a perforin-, and granzyme-manner (277-
279). Additionally, CTL-secreted TNF restricts viral replication and increases the
lytic activity (280). The expression of FasL is enhanced and induces the apoptosis
of infected cells (278). Depending on the infection conditions, effector CTLs can
be detected in the murine infected lungs by day 7 and CTL numbers peak around
day 9 or 10 day post infection (281). After the infection, effector T cells shrink to
a pool of influenza-specific memory T cells which remains within lung tissue (273).
These long-lived memory T cells play a significant role in the protection against

secondary infection and heterosubtypic immunity (281, 282).
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1.7 Aims of this PhD thesis

Although cytohesins regulate many processes that are critical for immune cell
function, and have already been demonstrated to modulate immune cells in cer-
tain limited circumstances, most of these observations are derived from in vitro
studies, which cannot adequately reflect the physiological and immunological
complexity of an animal or human. The full impact(s) of cytohesins in the regula-
tion of the immune responses and the control of infection has not been elucidated

yet.

Therefore, the overall aim of this PhD study was to define the role of cytohesins
in the immune response to respiratory infections. A key aspect of this PhD study
was to characterize the immune responses to Legionella pneumophila in cytohe-
sin deficient mice and to investigate whether immune processes including cell
recruitment and phagocytosis, are altered in the absence of different cytohesins.
Further experiments including the use of the influenza A virus infection model
should examined the function of cytohesins in the T cell mediated immune re-
sponses in more detail. The results of this PhD study contribute to a deeper un-
derstanding of how individual cytohesins regulate innate and adaptive immune

responses to infections.
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2. Material and methods

2.1 General reagents

2.1.1 Flow cytometry reagents

2.1.1.1 Directly conjugated monoclonal antibodies

Antigen Clone Conjugate Company Reference
CD11b M1/70 BV711 BioLegend 101242
CDl11c HL3 PE-CF594 BD Biosciences 562454
CD127 A7TR34 PE-Cy7 BioLegend 135013
CD19 B4 BV605 BioLegend 115539
CD3e 145-2C11 PerCP-Cy5.5 BioLegend 100328
CD3¢ 17A2 BV785 BioLegend 100231
CD3¢ 17A2 BV510 BioLegend 100233
CD4 RM4-5 eFluor® 450 eBioscience 48-0042-82
CD4 RM4-5 FITC BioLegend 100505
CD4 RM4-5 PerCP-Cy5.5 BioLegend 100538
CD44 IM7 Alexa Fluor® 700 BioLegend 103026
CD44 IM7 BUV394 BD Biosciences 740215
CD45 30-F11 V500/BV510 BD Biosciences 561487
CD45 30-F11 PE-Cy7 eBioscience 25-0451-82
CD45.2 104 PE Biolegend 109808
CD62L MEL-14 FITC BD Biosciences 553150
CD62L MEL-14 BV605 BD Biosciences 563252
CD64 X54-5/7.1 Alexa Fluor® 647 BD Biosciences 558539
CD8a 53-6.7 BV711 BD Biosciences 563046
CD8a 53-6.7 Pacific Blue® BioLegend 100728
FceRl MAR-1 PE-Cy7 eBioscience 25-5898-82
GATA3 L50-823 PE BD Biosciences 560074
IFNy XMG1.2 PE-Cy7 eBioscience 25-7311-82
IL-4 11B11 APC eBioscience 17-7041-82
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KLRG1 2F1 BV711 BD Biosciences 564014
Ly6C AL-21 BV605 BD Biosciences 563011
Ly6G 1A8 PerCP-Cy5.5 BD Biosciences 560602
MHCII M5/114.15.2 Alexa Fluor® 700 BioLegend 107622
NK1.1 PK136 APC BD Pharmingen 550627
NKp46 29A1.4 Biotinylated eBioscience 13-3351-82
Siglec F E50-2440 Bv421 BD Biosciences 562681
Siglec F E50-2440 PE BD Biosciences 552126
Thet 4B10 eFluor® 660 eBioscience 50-5825-82
TCRp H57-597 APC-eFluor® 780 eBioscience 47-5961
TCRp H57-597 BV510 BD Biosciences 563221
2.1.1.2 Unconjugated monoclonal antibodies
Antigen Clone Company Reference
CD16/32 93 eBioscience 16-0161
CD28 37.51 BioLegend 102101
CD3¢ 145-2C11 BioLegend 100301
IFNy R4-6A2 BioLegend 505706
IL-4 11B11 BioLegend 504122
2.1.1.3 Directly conjugated polyclonal antibodies
Antigen Clone Conjugate Company Reference
Legionella Polyclonal FITC ViroStat 6053
2.1.1.4 Secondary staining reagents
Molecule Conjugate Company Reference
Streptavidin PE-CF594 BD Horizon 562284

39


https://www.biolegend.com/en-gb/search-results?Clone=R4-6A2

Material and methods

2.1.1.5 Tetramers

Antigen Conjugate Source

PA224 PE
NP366 APC

2.1.1.6 Viability dyes

kindly provided by Andrew Brooks and Jie Lin
kindly provided by Andrew Brooks and Jie Lin

Dye Company Reference
Fixable Viability Dye eFluor™ 780 eBioscience 65-0865-14
Fixable Viability Dye eFluor™ 506 eBioscience 65-0866-14
LIVE/DEAD™ Fixable Near-IR Dye ThermoFisher L10119
Propidium lodide ThermoFisher P1304MP
2.1.1.7 Cytometric bead array

CBA Flex Set Compnay Reference
IFN-y Flex Set (Bead A4) BD Biosciences 558296
IL-10 Flex Set (Bead C4) BD Biosciences 558300
IL-12p70 Flex Set (Bead D7) BD Biosciences 558303
IL-17A Flex Set (Bead C5) BD Biosciences 560283
IL-1a Flex Set (Bead E4) BD Biosciences 560157
IL-6 Flex Set (Bead C4) BD Biosciences 558301
MCP-1 Flex Set (Bead B7) BD Biosciences 558342
TNF Flex Set (Bead C8) BD Biosciences 558299

2.1.1.8 Other flow cytometry reagents

FACS buffer was made of 1X PBS with (w/v) 0.1% BSA (Carl Roth/Sigma Aldrich)
and 2 mM EDTA (Sigma Aldrich). For permeabilization and fixation prior intracel-
lular staining, Foxp3 Transcription Factor Staining Buffer Set (eBioscience; 00-
5523-00) and Cytofix/Cytoperm™ kit (BD Biosciences; 554714) were used. For
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other all cell fixation PFA (Carl Roth) or methanol-free PFA (ThermoFisher;

28908) was applied.

2.1.2 Invitro cell culture reagents

2.1.2.1 Stimulation reagents

Reagents Final concentration Company Reference
PA224-233 1 pg/mL GensScript® RP19991
NP366.374 1 pg/mL GenScript® RP19991
PB1703-711 1 pg/mL GensScript® N/A
NS2114-121 1 pg/mL GensScript® N/A

CD28 (37.51) 1 pg/mL BioLegend 102101
CD3e (145-2C11) 5 pg/mL BioLegend 100301
2-Deoxy-D-glucose 100 mM Sigma Aldrich D8375
Glucose 10 mM Agilent Technologies 103577-100
Oligomycin 1uM Sigma Aldrich 75351

For PMA and lonomycin stimulation Cell Stimulation Cocktail was used from eBi-

oscience (00-4970-03). BrefeldinA was purchased from Sigma Aldrich (final con-

centration 5 ng/mL). Cytokines for in vitro differentiation of helper T cells were

purchased from PeproTech®.

2.1.2.2 Red blood lysis and tissue digestion buffer

Reagent Concentration Company Reference

RPMI 1640 PAN™ Biotech P04-16500

FBS (heatinacti- 5, PAN™ Biotech P30-1302

vated)

DNAse | 1 mg/mL Worthlng_ton Biochemical N/A
Corporation

Collagenase llI 1 mg/mL Worthlng.ton Biochemical LS004182
Corporation
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Erythrocyte lysis was performed in a red blood lysis (RBL) buffer made of
10 mM Tris hydrochloride solution (pH 7.5) and 8.3 g/L ammonium chloride
(Roth).

2.1.3 Media
2.1.3.1 Bacterial culture media

Buffered charcoal yeast extract (BCYE) agar was used for L. pneumophila culti-
vation (283). For antibiotic selection, BCYE were supplemented with 50 pg/mL
streptomycin or chloramphenicol accordingly if the Legionella strain required se-
lection. All media was prepared by the Media Preparation Unit, the Department
of Microbiology and Immunology, the University of Melbourne.

2.1.4 Cell culture media

2.1.4.1 BMDM medium

Reagent Concentration Company Reference
DMEM PAN™ Biotech P04-03550
FBS (heat inactivated) 20% PAN™ Biotech P30-1302
SecinH3 (in DMSO) 10 uM abcam ab145048
2.1.4.2 T cell medium

Reagent Concentration  Company Reference
RPMI 1640 PAN™ Biotech P04-16500
FBS (heat inactivated) 20% PAN™ Biotech P30-1302
B-Mercaptoethanol 500 pM Gibco® 31350-010
Penicillin 100 pg/mL PAN™ Biotech P06-07100
Streptomycin 100 pg/mL PAN™ Biotech P06-07100
L-Glutamine 2mM PAA Laboratories M11-004
Sodium pyruvate solution 1 mM PAA S11-003
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2.1.4.3 Seahorse T cell medium

Reagent Concentration Company Reference
Seahorse XF RPMI Agilent Technologies 10336-100
L-Glutamine 2mM PAA M11-004
Sodium pyruvate solution 1 mM PAA S11-003
Glucose solution* 10 mM Agilent Technologies 103577-100

*Addition of glucose solution in the medium was excluded in experiments where
glucose was used as stimulant.

2.2 Bacteria

2.2.1 Legionella strains

No. Strain Characteristics

1. L. pneumophila 4flaA in-frame deletion of flaA

2. L. pneumophila AdotAflaA in-frame deletion of dotA and flaA

3. L. pneumophila 4flaA pXDC61 1. with vector expressing B-lactamase

4 L. pneumophila 4flaA pXDC61 RalF- 1. vector expressing pB-lactamase/RalF
' BlaM fusion protein

5 L. pneumophila Adot4flaA pXDC61 2. vector expressing p-lactamase/RalF
' RalF-BlaM fusion protein

The genetically modified L. pneumophila (130b) strain used here was originally a
clinical isolate from USA (Serogroup 1; ATCC BAA-74). L. pneumophila was
grown on BCYE plates for 3-4 days. Strains numbered 3-5 required the culture
on BCYE agar containing chloramphenicol and 0.1 M Isopropy! -D-1-thiogalac-
topyranoside (ITPG).
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2.3 Animals and animal procedure

2.3.1 Mice strains

Mouse line Source

Cyth1” Junji Yamauchi, Tomohiro Torii
Cyth2 European Mouse Mutant Archive
Cyth3™" KOMP Repository (UC Davis, USA).
LysM/Cre provided by Irmgard Forsters

C57BL/6JArc Animal Resources Centre

2.3.2 Genotyping

To extract DNA for genotyping, murine ear tags and tail tips were lysed in 200 pL
of sodium hydroxide solution (50 mM) at 95°C for 20 min. Subsequently, 75 pL of
1 M Tris hydrochloride solution (pH 8) was added and samples were centrifuged
for 4°C for 4 min. 1-2 uL of supernatant was taken for genotyping PCR. PCR
reaction were performed with OneTaq® DNA Polymerase (New England Bio-
Labs).

PCR for Cythl mice

Primer name Sequence (5'-3")

mCythl_wt for CCACTACTCCCAGCCGTTTTAT
mCythl wt rev GTT CGAGTG CATGCTTTG CC
mCythl neo for AAC CAA ATT AAG GGC CAG CTCA

Thermocycler program:

Step Temp. Time Cycles
Initial Denaturation 94°C 30sec

Denaturation 94°C 30 sec

Annealing 64°C 30 sec x30
Elongation 68°C 1 min
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68°C 10 min
4°C o0

WT band: ~520bp KO band: ~400bp

PCR for Cyth2f mice

Primer name Sequence (5'-3")

Pscd2 WT1 screen for: CAGAAATGCCAGGGCTTTCTCAGC
Pscd2 WT1 screen rev GCATAGGTTTCAGGGCTGGAAACAC

Thermocycler program:

Step Temp. Time Cycles
Initial Denaturation 95°C 3 min
Denaturation 95°C 45 sec
Annealing 64.5°C 45 sec x35
Elongation 72°C 1 min

72°C 1 min

4°C %0

WT band: 531bp floxed band: 687bp

PCR for LysM/Cre mice

Primer name Sequence (5'-3")

Cre8 CCC AGA AAT GCC AGATTACG
MLys1 CTT GGG CTG CCAGAATTT CTC
MLys2 TTA CAG TCG GCC AGG CTG AC
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Step Temp. Time Cycles
Initial Denaturation 95°C 3 min
Denaturation 95°C 30 sec
Annealing 62°C 30 sec x34
Elongation 72°C 1 min

72°C 1 min

4°C oo

WT band: ~350bp Cre band: ~700/1700bp

PCR for Cyth3-”- mice

Primer name Sequence (5'-3")
TG-380 CAC ATG GGA CAC ACAATC GC
TG-381 AAT AGG AAC TTC GGT TCC GGC
TG-387 ACA GAC TTC GCT GTG GTG AG
Step Temp. Time Cycles
Initial Denaturation 95°C 3 min
Denaturation 95°C 45 sec
Annealing 60°C 45 sec X35
Elongation 72°C 1 min

72°C 1 min

4°C o0

WT band: 500 bp KO band: 257bp
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2.3.3 Animal handling and procedure
2.3.3.1 Intravenous injection

To in vivo label vasculature associated leukocytes intravenous injections were
required. Mice were placed under a heat lamp to promote vasodilation. During
the injection procedure, mice were restrained with a restraining device and the
tail was disinfected with (80% v/v) ethanol. Intravenous injections of 300 pL of
CD45.2 antibody (3 pg/injection) diluted in PBS was performed through the lateral

tail veins using 29 G needles. PBS alone was injected into negative controls.
2.3.3.2 Intranasal inoculation

For intranasal inoculation mice were placed into a sealed induction chamber and
mice were anaesthetised under controlled isoflurane induction. Under anaesthe-
sia mice were held loosely by skin at the scruff of the neck and 50 pL of inoculum
was administered by pipetting dropwise directly on the nares as the mice were
breathing. Each droplet was administrated sequentially while ensuring mice had

inhaled each droplet prior to the next being administered.
2.3.3.3 Tissue harvest

Mice were euthanised via controlled exposure to CO:2 in appropriated installed
containers. After killing, mice were fixed in supine position and skin sterilised with
80% ethanol. Skin was removed and mice were dissected. Using scissors and
forceps, tissues including lungs, inguinal and axillary lymph nodes, and spleens
were collected in conical tubes filled with sterile PBS. Tissues within the conical

tubes were kept on ice until processed.
2.3.3.4 Bronchoalveolar lavage

Mice were killed as described in 2.3.3.3. Skin was disinfected with 80% ethanol
prior removal. Muscle tissue from the throat was removed to expose the trachea
and incisions were made into the upper trachea. A 20 G catheter (Sureflo® 1.V.)

was inserted into the lungs through the trachea. The lungs were flushed once
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with 1 mL chilled PBS and returned volume of the liquid was collected into a 1.5
mL microfuge tube. Cells were pelleted and used for further analysis. The super-

natant was used for cytokine analysis as described in 2.6.1.6.
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2.4 Methods

2.5 Invitro experiments

2.5.1 L.pneumophilareplication assay in SecinH3 treated BMDMs

pBMDMs or iBMDMs were seeded with 1.5 x 10° cells per well in 24-well tissue
culture plate (Corning) using culture medium supplemented with SecinH3 or
DMSO alone (vehicle control) one day before infection. The next day (18 h post
seeding) cell medium was replaced with fresh medium supplemented with
SecinH3 or DMSO one hour before infection. Cells were then infected with
L. pneumophila 130b AflaA diluted in the same medium at a multiplicity of infec-
tion (MOI) of 1. Plates were centrifuged at 1000 rpm for 5 min at room tempera-
ture (RT) to synchronise infection, then cells were incubated for 2 h at 37°C with
5% CO2 before medium was replaced with fresh medium containing 100 pg/ml
gentamicin to kill extracellular bacteria. After 1 h of gentamicin treatment, cells
were washed 3 times with pre-warmed PBS to remove gentamicin, and 500 pL
of fresh cell medium supplemented with SecinH3 or DMSO was added to the
cells. Cells were incubated at 37°C with 5% CO2 till further procedure. For the
3 h post infection (p.i.) time point (directly after gentamicin treatment) cells were
washed with PBS and lysed with 200 pL of 0.05% (w/v) digitonin (Sigma Aldrich)
diluted in PBS for 5 min before adding 800 pL PBS. Cells were harvested and
100 pL of cell solution were plated onto BCYE agar plates. For time points 24 h
and 48 h p.i. cell medium was collected from the wells and cells were lysed with
200 pL 0.05% (w/v) digitonin solution for 5 mins before adding 300 puL PBS. Cells
were harvested and combined with the collected medium in a 1.5 mL microfuge
tube. Lysates were serially diluted 10-fold, then 100 uL of the cell/medium dilu-
tions were plated onto BCYE agar plates and incubated for 3 days at 37°C.
L. pneumophila colonies were then counted to determine the colony-forming units
(CFU).
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2.5.1.1 Isolation of CD4+ T cells from spleen and lymph nodes

For single cell solution, murine spleen or inguinal and axillary lymph nodes were
placed on 40-um cell strainer (Greiner bio-one) containing 3 mL PBS in 60 x 15
mm petri dishes. Using the plunger of a 6-ml syringe, tissue was disrupted against
the bottom of the strainer into the petri dish in circular motions. The strainer was
then rinsed with 2 mL PBS to wash off remaining cells. The single cell solution
was collected from the petri dish and transferred into a new 50 mL conical tube
and washed with 20 mL PBS. Cells were centrifuged for 8 min at 300 x g at 4°C.
Next, erythrocyte lysis was performed for splenocytes. Therefore, cells were re-
suspended in 2 mL RBL buffer and left for 2 mins at RT before adding 18 mL
PBS. Cells were centrifuged for 8 mins at 300 x g at 4°C and washed again with
20 mL PBS. For T cell enrichment AutoMACS® Pro Separator (Miltenyi Biotec)
was used. Negative isolation of total CD4+ T cells or only naive CD4+ T cells was
performed accordingly to the manufacturer’s instruction using isolation kits (Mil-
teneyi Biotec; 130-104-454 or 130-104-453). The purity of the enriched CD4+ T

cell populations was checked via flow cytometry.

2.5.2 Differentiation of naive T cells to Thl and Th2 cell type
2.5.2.1 Cell proliferation dye

Cell proliferation dye was used to determine whether T cells proliferated efficiently
under the polarizing conditions. Naive CD4+ T cells were washed with PBS to
remove any serum (8 min, 300 x g, 4°C). Next, cell suspension was adjusted to
1 x 107 leukocytes/ml in PBS (minimum volume 5 ml). Cells were resuspended at
2X the desired final concentration in PBS (pre-warmed to RT). CFSE dye solution
(1 uM, eBioscience) was prepared in the same volume of sterile PBS. Dye solu-
tion was added to the cells and cells were vortexed. Samples were incubated for
10 min at RT in the dark. Labelling was stopped by adding 4-5 volumes of full
T cell medium and incubated on ice for further 5 min. Cells were washed 2x with

complete medium before further use.
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2.5.2.2 In vitro differentiation

Round bottom wells of 96 well tissue culture plates were coated with a-CD3¢
(1 pg/mL) and a-CD28 (5 pug/mL) antibodies at 4°C overnight. Next day, wells
were washed 3x with PBS and 5 x 10* naive CD4+ T cells were seeded in a
volume of 100 pL into wells. 100 pL of T cell media supplemented with polarizing
cytokines and reagents for ThO, Thl or Th2 differentiation were added to the cells.

Cells were incubated under polarizing conditions for 4 days at 37°C with 5% CO..

Table 1. Cytokine and antibody concentration used for T cell differentia-

tion
ThO cells Thl cells Th2 cells
Reagent Final conc. Reagent Final conc. Reagent Final conc.
o-IFNy 10 pg/mL IFNy 10 ng/mL o-IFNy 10 pg/mL
IL-2 20 ng/mL IL-2 20 ng/mL IL-2 20 ng/mL
o-IL-4 10 pg/mL o-IL-4 2 pg/mL IL-4 100 ng/mL
IL-12 20 ng/mL

2.5.2.3 Restimulation of differentiated T cells

Due to the PMA mediated downregulation of CD4 surface molecules, differenti-
ated T cells were stained for cell surface molecules CD4 and CD3g prior stimula-
tion (284). After 4 days differentiation, cells were centrifuged (8 min, 300 x g, RT)
and supernatant was collected. Cells were washed with 200 pL PBS and trans-
ferred into new round bottom wells of 96-well plate and re-stained with CD4 and
CD3e¢ antibodies for 20 min at 4°C. Cells were washed 1x with PBS. After centrif-
ugation (8 min, 300 x g, RT), T cell medium supplemented with Brefeldin A and
PMA/ionomycin cell stimulation cocktail was added to the cells. Cells were stim-
ulated for 4 h at 37°C. For non-stimulated controls, normal T cell medium was

used.
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2.5.2.4 Flow cytometry staining

Cells were washed with PBS then stained with a fixable viability dye for 15 min at
4°C. After two PBS washing steps, cells were fixed in 200 pL with 2% PFA (meth-
anol-free) for 10 min on ice. Next, cell samples were washed 2x with 1x Permea-
bilisation buffer and intracellularly stained for CD4 and IFNy or CD4 and IL-4 for
30 min at RT. After washing with 1x Permeabilisation buffer, cells were fixed with
1x Fixation/Permeabilisation buffer for 1 h at RT. Samples were washed with 1x
Permeabilisation buffer and transcription factors including Thet or GATA3 were
stained for 30 min at RT, followed by one washing step with 1x Permeabilisation
buffer and one washing step with PBS. All staining steps included a separate
fluorescence minus one (FMO) control. Samples were analysed on a BD Sym-

phony cytometer.
2.5.2.5 Metabolic analysis

The cellular glycolysis and oxidative phosphorylation were assessed using Sea-
horse XFe96 Analyzer (Agilent Technologies). One day prior to the experiment,
a sensor cartridge (Agilent Technologies) was hydrated at 37°C without COz:.
3 x 10° CD4+ T cells were seeded in a volume of 180 uL on pre-coated poly-L-
lysine wells of Seahorse XF96 cell culture microplates (Agilent Technologies) and
centrifuged for 1 min at 200 x g. Cells were incubated for 1 h at 37°C without COz.
Meanwhile cartridge ports were loaded with different stimulation reagents. A vol-
ume of 20 uL was used for the first injection, 22 pL for the second injection and
25 pL for the third injection. The cartridge was calibrated accordingly to manufac-
turers’ instructions, then a plate with cells was inserted into the Seahorse XF An-
alyzer, and the ECAR and OCR were measured. To normalize the ECAR and
OCR values to the cell numbers, crystal violet (Sigma Aldrich) staining was per-
formed after Seahorse measurements. Cells were fixed with 2% PFA, followed
by the addition of 0.05% (w/v) crystal violet solution for 30 min at RT. Cells were
washed 2X with double distilled water, air-dried, resuspended in 200 uL methanol
and transferred to a new cell culture 96-well plate (Sarstedt). The absorbance at

590 nm was measured at the infinite M200 plate reader (Tecan).
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2.6 In vivo experiments

2.6.1 Assessment of immune responses following L. pneumophila infec-

tion and bacterial load in murine lung

Experiments investigating the innate and adaptive immune responses to L. pneu-
mophila infection in mice involved the quantification of leukocytes, determination
of L. pneumophila positive phagocytes and assessment of L. pneumophila CFU

in murine lung.

Day 0 Daily Day 3,5,7
| |
Intranasal infection weight monitoring In vivo labelling* &
tissue harvest
- o
X ' CD45.2 antibodies

) &

Sy

_ Y 4 L. pneumophila x N

A

*in vivo labelling

blood vessel

-2

Extracellular matrix/

tissue Determination of CFU FACS analysis of
immune cells

Figure 2.1.: Schematic illustration of experimental timeline and procedures
to assess immune responses and bacterial load in murine lung following
L. pneumophila infection. Mice were infected intranasally with L. pneumophila.
Mice were weighted daily. Prior to killing and tissue harvest, CD45.2 antibody
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solution was injected intravenously into mice to in vivo label vasculature-associ-
ated leukocytes. This method allowed discrimination of immune cells resident in
the lung and those which have successfully infiltrated the lung tissue (site of in-
fection) from immune cells located in the vasculature. Additionally, lung tissue
was further processed to determine the CFU.

2.6.1.1 L. pneumophila challenge

Colonies of Legionella were picked from agar plates and transferred into sterile
PBS. For infection inoculum, bacteria density was adjusted via UV-spectroscopy
to 5 x 107 CFU/mL. A CFU of 2.5 x 10° was administrated in 50 pL via intranasal
route to each mouse as described in 2.3.3.2. For mock infection sterile PBS was
used. The accuracy of the actual inoculum dose was checked by plating the in-
oculum solution in serial dilutions onto BCYE agar plates, followed by the deter-

mination of CFU.
2.6.1.2 Quantitation of L. pneumophila CFU in lung tissue

At indicated time points, right lung lobes were harvested from mice as described
in 2.3.3.3 and collected in 10 mL conical tubes containing 2.5 mL sterile PBS.
This tissue was further homogenised using a tissue homogeniser (Kinematica
Polytron) with a 10 mm EasyCare generator at 22,000 rpm for several seconds
until completely homogenised. Between different samples the probe was steri-
lized with 80% ethanol and subsequently rinsed with PBS. Tissue and homoge-

nates were kept on ice during these procedures.

One mL aliquot of each homogenate samples was transferred into microfuge
tubes and 0.1% (w/v) saponin solution (Sigma Aldrich) was added. Saponin me-
diated lysis was performed for 30 min at 37°C. Each lung sample was serially
diluted 10-fold in sterile PBS. For the timepoints 3 days p.i. 1/10, 1/100 and
1/1000 dilutions were plated, while for 5 days p.i. 1/10 and 1/100 dilutions were
used and for timepoints 7 days p.i. the homogenates were plated neat (not di-
luted). 100 pL of each dilution was equally distributed on selective agar media by

spreading with an ethanol-sterilised glass spreader. All samples were plated in
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duplicate and were incubated at 37°C for 3-4 days. The number of colonies of
each plate was manually counted and the CFU of L. pneumophila in lung tissue
was extrapolated accordingly to the dilutions used. In general, plates with more

than or equal to 30 colonies present were used for quantification.
2.6.1.3 Preparation of single cell suspensions from lung tissue

Left lung lobes were collected from infected mice as described in 2.3.3.3 and
prepared to single cell suspensions via enzymatic digestion. Lung tissue were
finely minced using scissors in a petri dish and collected in 3.5 mL tissue digestion
buffer (RPMI 1640 medium supplemented with DNAsel and Collagenase Ill) in a
10 mL conical tube. These samples were incubated for 30 min at 37°C and were
mixed by pipetting every ~5 min to dissociate cells from tissue. After the addition
of 6.5 mL FACS buffer, the suspension was filtered through a 70 um nylon strainer
(Miltenyi Biotech). The filtrate was pelleted at 400 x g for 5 minutes at 4°C and

cells were used for subsequent procedures.
2.6.1.4 Staining of cell surface proteins and erythrocyte lysis

Cell surface proteins of distinct cell types were stained with fluorescent antibodies
for flow cytometry analysis. Cells obtained from 2.6.1.3 were split into two FACS
tubes and stained with a master-mix cocktail containing a specific panel of anti-
bodies to stain for myeloid cells or lymphocytes. 50 pL of antibody cocktail was
added to each sample and samples were vortexed briefly and incubated for
20 min at 4°C. Erythrocytes were lysed for 5 min by adding 500 uL of FACS lysing
buffer (BD Biosciences) to the antibody-cell mixture. After, samples were washed
with FACS buffer. If necessary, staining of secondary antibody was performed by
adding 50 yL of secondary antibody mix then incubating for 15 min at 4°C fol-
lowed by removal by washing with FACS buffer. In order to stain for viable cells,
samples were washed with PBS, 50 pL of fixable viability dye in PBS was added
and samples were incubated for 30 min at RT. If no intracellular staining was
required, samples were fixed with 2% PFA for 30 min at RT. Samples were then
washed and resuspended in FACS buffer. All steps were performed under light-

protected conditions. All centrifugation steps were performed at 400 x g for 5 min.
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2.6.1.5 Intracellular staining of L. pneumophila

Intracellular staining was utilized to detect L. pneumophila within different phag-
ocytes. Accordingly the manufacturer’s instructions, 200 pyL 1x Fixation/Permea-
bilisation Buffer (eBioscience) was added to the samples following cell surface
and viability staining (2.6.1.4), and samples incubated for 30 min at 4°C. Subse-
quently, samples were washed with 1x Permeabilisation Buffer. FITC conjugated
Legionalla antibody was diluted in 1x Permeabilisation buffer and in a volume of
50 uL was added to the cells. Cells were incubated for 30 min at 4°C followed by
one washing step with 1x Permeabilisation Buffer and then washing step with
FACS buffer. Samples were resuspended in FACS buffer and were stored at 4°C

till further procedure. All steps were performed under light-protected conditions.
2.6.1.6 APC-labelled microbeads

APC-labelled polymethylmethacrylate microbeads (BD Calibrite) were utilized in
flow cytometry analysis to quantify different immune cell populations within tis-
sues. 2 x 10* APC-labelled microbeads diluted in FACS buffer were added to the
samples prior to sample acquisition on a flow cytometer. After sample acquisition,
the factor difference between the recorded events of microbeads and the total
added number of microbeads within the sample was used to extrapolate the num-
ber of events recorded to the cells present in the full sample. This number within

the sample was then further extrapolated to the cell number in the whole lung.
2.6.1.7 Cytokine measurement using cytometric bead array

To determine cytokine and chemokine concentrations, cytometric bead array kit
(CBA; BD Biosciences) was used. In this way, a custom CBA panel was designed
with CBA flex sets for IL-1a, IL-2, IL-6, IL-17A, IL-12p70, IFNy, TNFa, GM-CSF
and MCP-1. Bronchoalveolar liquid of mice challenged with L. pneumophila for 1-
3 days was collected as described in 2.3.3.4. CBA was performed according to
manufacturer’s instructions except using 10-fold less volume of samples and re-

agents.
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2.6.1.8 B-lactamase based effector translocation assay

The principle of the applied effector translocation is based on GeneBLAzer™
technology using CCF2-AM dye (Thermofisher) (248, 285). CCF2-AM is cleaved
in the presence of B-lactamase which can be measured spectrophotometrically
(Figure 2.2). Therefore, mice were infected intranasally (2.3.3.2) with a L. pneu-
mophila strain genetically modified to express an effector protein fused to B-lac-
tamase or L. pneumophila control strains. One day post infection, bronchoalveo-
lar liquid was harvested as described in 2.3.3.4. Cells obtained from the BAL were
pelleted and erythrocyte lysis was performed. Next, cells were washed with 4 mL
FACS buffer and 2 x 10° cells were transferred into a 5 mL tube. Cells were pel-
leted and resuspended in 100 puL HBSS (PAN Biotech). Standard loading solution
was prepared accordingly to manufacturer’s instructions and 20 yL was added to
each sample. Samples were incubated for 1 h at RT. After washing with 1 mL
HBSS, cells were pelleted and stained with fixable viability dye, antibodies
against surface proteins and fixed as above (2.6.1.4). Samples were immediately

acquired on the flow cytometer.
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Figure 2.2: Graphical illustration of L. pneumophila effector translocation
assay. L. pneumophila utilizes type IV secretion system to inject effectors such
as RalF-BlaM. CCF2-AM dye diffuses into host cell and when excited at 407nm,
its emission can be detected at 520 nm. BlaM mediates the cleavage of CCF2
and the product is now detected at 447 nm.

2.6.2 Analysis of T cell responses following influenza A virus challenge

CD8+ T cell responses to influenza A virus were analysed in mice in collaboration
with the laboratory of Sammy Bedoui (Figure 2.3). Different effector CD8+ T cell
subtypes in lung and spleen were quantified following 8 days infection. Addition-
ally, cellular effector functions of splenic antigen-specific CD8+ T cell responses

were assessed following in vitro restimulation.
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Figure 2.3: Schematic illustration of experimental timeline and procedures
to analyse antigen-specific T cell immune responses to influenza A virus
infection in mice. Mice were infected intranasally with influenza A virus (HKx31).
Mice were weighted daily. Spleen and lung tissues were harvested after 8 days
of infection. Spleen and lung tissues were further processed, stained for influ-
enza-specific CD8+ T cells and analysed via flow cytometer. Additionally, sple-
nocytes were in vitro stimulated with influenza peptides and the cytokine re-
sponse of antigen-specific effector T cells was determined.

2.6.3 Influenza A virus challenge

In similar fashion to the Legionella challenge described in 2.6.1.1, mice were in-
fected intranasally with HKx31 influenza A virus. Therefore, virus stock solution
(3.75 x 108 PFU/mI) was diluted in PBS to 2x10° PFU/mL. 104 PFU in 50 uL was

then administrated to each mouse as described in 2.3.3.4.
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2.6.3.1 Preparation of single cell suspensions from lung and spleen tissue

Following CO2 asphyxiation, whole lung and spleen tissue were harvested from
mice as described in 2.3.3.3. For single cell suspensions, lung tissue was di-
gested enzymatically as in 2.6.1.3, while spleen tissue was processed to single
cell suspension and erythrocyte lysis was performed (analogous to 2.5.1.1). Lung
samples were resuspended in a volume of 5 mL T cell medium and spleen sam-

ples in a volume of 8 mL T cell medium.
2.6.3.2 Tetramer and cell surface protein staining

200 pL of each cell suspension was transferred into a 96-well tissue culture plate.
Cells were pelleted and resuspended in a volume of 50 pL of tetramer master-
mix cocktail followed by 30-45 min incubation at 37°C with 6.5% CO.. After, cells
were washed with 100 pL FACS buffer and following centrifugation, resuspended
in 50 pL of antibody mix cocktail to stain T cell surface molecules. Antibody stain-
ing was performed for 30 min at 4°C. Next, cells were washed with 100 pL FACS
buffer and after centrifugation resuspended in 50 pL of propidium iodide (PI) so-
lution to stain for dead cells. Similarly to 2.6.1.6, 2 x 10* fluorescent-labelled mi-
crobeads were added to each sample to quantify different cell types within lung

and spleen tissue.
2.6.3.3 Restimulation of influenza-specific CD8+ T cells

200 pL of splenic cell suspension (2.6.3.1) were transferred into a 96-well tissue
culture plate and cells were pelleted. Cells were resuspended in 200 pL of T cell
medium containing influenza peptides and samples were incubated for 1 h at
37°C with 6.5% CO2. Next, Brefeldin A solution was added to the cells and cells
were incubated for additional 4 h at 37°C with 6.5% CO2. For non-stimulated con-
trols, cells were stimulated with pure T cell medium. After restimulation, samples

were washed with FACS buffer and stained for flow cytometry.
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2.6.3.4 Intracellular staining for cytokines

Prior intracellular staining, samples from 2.6.3.3 were stained first for cell surface
markers. Therefore, cells were pelleted and resuspended in a volume of 50 pL of
master-mix antibody and fixable viability dye cocktail. Cells were stained for cell
surface markers for 30 min at 4°C and washed afterwards with FACS buffer. For
fixation, 75 pL of cytofix/cytoperm buffer were added to the cells and samples
were incubated for 20 min at 4°C. After 3 washing steps with 1x Permeabilisation
buffer, cells were resuspended in 100 pL of cytokine antibody mix diluted in 1x
Permeabilisation buffer and left at 4°C for overnight staining. After intracellular
staining, samples were washed with 150 uL FACS buffer and 100 pL fluorescent-
labelled microbeads were added to the samples prior flow cytometry analysis

(2.6.1.6). All staining steps were performed under light protected conditions.

2.7 Flow cytometer analysis

The acquisition of FACS samples was performed on either BD LSRFortessa™ or

BD FACSymphony™ cytometers.

2.8 Software

Following software was used within this PhD thesis: FlowJo (V10; 10.5.3),
GraphPad Prism 6.0 or 7.0, Inkscape (0.92.4) and BioRender.

2.9 Statistical analysis

Statistical analyses were performed using GraphPad Prism 6.0 or 7.0. software.
Data of this study were analysed using two-tailed Mann-Whitney U-test or two-
tailed Student’s t-test. Differences with p values <0.05 were considered statisti-

cally significant.
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3. The role of cytohesins in the innate immune response

to Legionella pneumophila infection

3.1 Introduction

Studies over the past years have revealed the Arf-guanine exchange factors of
the protein family cytohesin to exert diverse functions within the immune system
and its responses. Through associating to 32 integrins, cytohesins can influence
the adhesive and migrating properties of leukocytes, which are essential pro-
cesses in the innate and adaptive immune response to pathogenic threat or injury
(covered in 1.4.4). Another relevant aspect of cytohesins in the regulation of im-
mune responses is their involvement in bactericidal properties of phagocytes in-
cluding ROS production and phagocytosis (172, 286) . Because of the distinct
and broad role of cytohesins in immune cells, they are targeted by several path-
ogens to evade host immune defence (covered in section 1.4.6). Therefore, cy-
tohesins may be key elements in the coordination and regulation of mammalian

immune responses.

However, most observations on the role of cytohesins in immunity are derived
from in vitro studies and cover only particular aspects of cytohesin function in
distinct immune processes. The impact of cytohesins on a multifaceted in vivo
immune response and primary underlying mechanism(s) are not understood.
Studies of this chapter analysed the overall impact of cytohesins in L. pneumoph-
ila infection in vitro and in vivo using an in vitro cultured macrophages and an in

vivo murine lung infection model.

Efficient replication of L. pneumophila in macrophages follows a series of sequen-
tial events that requires both host and bacterial factors. Following uptake,
L. pneumophila translocates more than 300 effector proteins into the host cell via
the Dot/lcm secretion system (178-181). These effector proteins interfere with
host cell structure and function in order to evade the cell intrinsic immune re-
sponse and establish a replicative vacuole termed Legionella-containing vacuole
(LCV) (182, 183).

62



The role of cytohesins in the innate immune response to Legionella pneumophila infection

In vivo, in mice and humans, a rapid and robust innate cytokine and phagocyte
response to L. pneumophila follows uptake by alveolar macrophages and this is
essential to control the infection. In this context, different phagocytes migrate to
the infected site and infiltrate the lung to clear the organism from the pathogenic
threat. By using different single knockout (KO) mice for several members of the
cytohesin family, the functions of individual cytohesins in the immune response
during respiratory infection were assessed, including bacterial load, immune cell

recruitment and phagocytosis.

3.2 Results

3.2.1 The GEF function of cytohesins is not required for intracellular repli-

cation of L. pneumophilain vitro

L. pneumophila replicate intracellularly in alveolar macrophages at the primary
site of infection. The establishment of a replicative vacuole within the host cell is
required for an efficient replication of L. pneumophila (covered in section 1.5). To
avoid the murine Naip5 inflammasome response which restricts bacterial replica-
tion in the cells or lungs of C57BL/6 mice, an aflagellated L. pneumophila mutant
(AflaA) derived from wildtype L. pneumophila strain 130b was used (covered in
section 1.5.2).

Diverse studies have implicated cytohesins in the invasion and intracellular repli-
cation of different bacterial pathogens in host cells (covered in section 1.4.6), yet,
it is unknown whether the GEF function of cytohesins is required for the intracel-

lular replication of L. pneumophila in macrophages.

To assess whether L. pneumophila uptake and/or intracellular replication in mac-
rophages is influenced by the GEF activity of the cytohesins, the GEF function of
all cytohesins was pharmacologically inhibited by SecinH3. SecinH3 inhibits se-
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lectively the Sec7 domain of only cytohesin proteins. Here, the established con-
centration of SecinH3 used in the laboratory has elicited inhibition in many sys-
tems. Immortalized (iBMDM) as well as primary bone marrow-derived macro-
phages (pBMDM) were treated 24 hours prior to infection with SecinH3 or the
vehicle control (DMSO). iBMDM or pBMDM were inoculated with L. pneumophila
AflaA and left for two hours to allow phagocytosis followed by gentamicin treat-
ment to kill extracellular bacteria. iBMDM or pPBMDM were maintained in SecinH3
or DMSO supplemented medium until determination of the number of colony-
forming units (CFU) of L. pneumophila on BYCE agar at specific time points after

infection.

Over 48 hours of infection, the inhibition of cytohesin GEF function did not alter
L. pneumophila replication in iBMDM, with comparable colony-forming units
(CFU) observed in DMSO and SecinH3 treated cells (Figure 3.1A). The propor-
tion of internalised L. pneumophila versus the initial inoculum also did not differ
significantly in SecinH3-inhibited macrophages compared to the DMSO control
(Figure 3.1B). Furthermore, the fold change of the bacterial load in relation to
actual inoculum dose increased similarly at 24 and 48 hours after infection in
SecinH3-treated cells relative to the DMSO control (Figure 3.1C).

A similar picture could be observed in SecinH3 treated pBMDM. L. pneumophila
replication in SecinH3-treated pPBMDM was similar to control pBMDM (Figure
3.2A) and SecinH3 treatment also did not affect uptake of the bacteria in pBMDM
(Figure 3.2B), resulting in a comparable fold increase in bacterial numbers 24

and 48 hours after infection (Figure 3.2C).

These results suggested that the GEF activity of cytohesin was not required for

efficient replication of L. pneumophila in BMDM in vitro.
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Figure 3.1: Replication of L. pneumophila in SecinH3-treated iBMDM.
iBMDM were treated with 10 uM SecinH3 or DMSO (vehicle) and infected with
L. pneumophila AflaA for 2 h. Gentamicin was added to kill extracellular bacteria
for 1 h and then replaced by media supplemented with SecinH3 or DMSO.
iBMDM were lysed with digitonin at different time points (3, 24, 48 h post-infection
(p.i.)) and CFU assessed by plating cell lysates onto BCYE agar plates. A. Bac-
terial load in iBMDM following L. pneumophila infection. B. Percentage of L. pneu-
mophila internalised by iBMDM (3 h p.i.). C. Fold increase of CFU at 24 and 48 h
p.i. compared to 3 h p.i.. Graphs present the mean with SEM. n=3 per time point
and data is pooled from three independent experiments. No significant difference
was found between SecinH3 treatment and vehicle control (threshold p<0.05; un-
paired two tailed student t-test).
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Figure 3.2: Replication of L. pneumophila in SecinH3-treated pBMDM.
pBMDM were treated with 10 uM SecinH3 or DMSO (vehicle) and infected with
L. pneumophila 4flaA for 2 h. Gentamicin was added to kill extracellular bacteria
for 1 h and then replaced by media supplemented with SecinH3 or DMSO.
pBMDM were lysed with digitonin at different time points (3, 24, 48 h post-infec-
tion (p.i.)) and CFU assessed by plating cell lysates onto BCYE agar plates. A.
Bacterial load in pBMDM following L. pneumophila infection. B. Percentage of L.
pneumophila internalised by pBMDM (3 h p.i.). C. Fold increase of CFU at 24 and
48 h p.i. compared to 3 h p.i.. Graphs present the mean with SEM. n=3 per time
point and data is pooled from three independent experiments. No significant dif-
ference was found between SecinH3 treatment and vehicle control (threshold
p<0.05; unpaired two tailed student t-test).
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3.2.2 Cytohesin-1 and -3 are not required for LCV biogenesis

In section 3.2.1 the requirement of cytohesin GEF activity in the efficient invasion
and propagation of L. pneumophila in BMDM in vitro was examined. Experiments
in this section aimed to elucidate whether cytohesin-1 or cytohesin-3 are im-
portant host factors for LCV biogenesis in phagocytes in vivo (287). The method
utilizes the effector protein, RalF, that is translationally fused to a B-lactamase
reporter (BlaM). The form of BlaM utilised lacks a signal peptide for secretion and
hence is only secreted into the host cell cytosol by L. pneumophila if fused to an
effector protein. Cytosolic BlaM can be detected with the substrate, CCF2. In the
presence of BlaM, CCF2 is cleaved into two products which leads to a shift in the

fluorescence emission of CCF2 from green to blue (see section 2.6.1.8).

Mice were infected with different L. pneumophila strains including L. pneumophila
AflaA transformed with pXDC61 expressing RalF-BlaM, or the control strains L.
pneumophila AflaA, L. pneumophila AflaA transformed with empty pXDC61 vec-
tor and a L. pneumophila AflaAAdotA double mutant transformed with pXDC61
expressing RalF-BlaM. L. pneumophila AflaAA4dotA expresses RalF-BlaM but
lacks a functional Dot/lcm secretion system, and so cannot translocate effectors
into phagocytes. One day after infection, cells were collected from the BAL and
stained with CCF2 to analyse the translocation of bacterial effectors into individ-

ual phagocytes identified using antibodies to cell specific markers.

Figure 3.3 shows the translocation of RalF-BlaM in AM of Cyth1”- and Cyth37 as
well as WT mice. Mice that were infected with L. pneumophila 4flaA with pXDC61
RalF-BlaM displayed a conversion of CCF2 from green to blue in AM (Figure
3.3A), whereas AM from mice that have received the dotA mutant presented no
conversion of CCF2 to blue, emphasizing that translocation of L. pneumophila
effector proteins depends on a functional Dot/lcm type IV secretion system

(Figure 3.3B). Also, no significant conversion was found in other controls for cells

67



The role of cytohesins in the innate immune response to Legionella pneumophila infection

infected with L. pneumophila AflaA or L. pneumophila AflaA transformed with
empty pXDC61 vector (not shown).

In AM from WT mice the percentage of CCF2 blue-converted cells accounted for
8.1% in average which was in the range that has been published previously (288).
In Cythl/ and Cyth37 no significant difference was found in the proportions of
CCF2 blue-converted AM compared to WT AM. (Figure 3.3C).

Consequently, Cythl and Cyth3 had no influence on the translocation of RalF

into AM in vivo.
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Figure 3.3: Translocation of L. pneumophila effectors in cytohesin-1 or -3
deficient alveolar macrophages in vivo. Mice were infected with L. pneumoph-
ila expressing the translocated effector RalF fused to the reporter protein BlaM
(pXDC61 RalF-BlaM) or respective control strains for 1 day. Cells were collected
by bronchoalveolar lavage and stained with CCF2-AM dye, which is cleaved by
translocated RalF-BlaM resulting in a spectral shift from green to blue. A. Gating
strategy to identify alveolar macrophages with cleaved CCF2 (blue). Number rep-
resents percentage of AM with translocated RalF as measured by CCF2-blue
fluorescence. B. Cells from mice infected with control L. pneumophila AflaAAdotA
strain containing pxDC61 plasmid expressing RalF-BlaM shows no translocation.
C. Percentage of AM with translocated RalF-BlaM measured by CCF2-blue fluo-
rescence from C57BL/6 (WT), cytohesin-1 (Cyth1”) and cytohesin-3 (Cyth3+)
mice. Graphs present the mean with SEM. n=3 from one experiment. No signifi-
cant difference was found between wildtype and knockout mice (threshold
p<0.05; unpaired two-tailed student t-test).

Although AM are considered to be the key phagocyte that supports the intracel-
lular replication of L. pneumophila, the pathogen is also able to translocate effec-
tor proteins into neutrophils, although they do not appear to support intracellular
replication (288). Similar to AM, translocation of L. pneumophila effectors into
neutrophils depended on the formation of a functional Dot/lcm type IV secretion
system representing 2% of CCF2 Blue-converted neutrophils infected with
L. pneumophila AflaA carrying pXDC61 encoding RalF-BlaM (Figure 3.4A) and
0% of CCF2 conversion in neutrophils infected with L. pneumophila AflaAAdotA
expressing RalF-BlaM (Figure 3.4B).

The percentage of neutrophils that converted to CCF2 blue did not statistically
differ among Cyth1”-, Cyth37- and WT neutrophils (Figure 3.4C) indicating that
Cythl and Cyth3 were not required for the translocation of RalF by L. pneumoph-

ila in neutrophils.
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Figure 3.4: Translocation of L. pneumophila effectors in cytohesin-1 or -3
deficient neutrophils in vivo. Mice were infected with L. pneumophila AflaA ex-
pressing the translocated effector RalF fused to the reporter protein BlaM
(pXDC61 RalF-BlaM) or respective control strains for 1 day. Cells were collected
by bronchoalveolar lavage and stained with CCF2-AM dye, which is cleaved by
translocated RalF-BlaM resulting in a spectral shift from green to blue. A. Gating
strategy to identify neutrophils with cleaved CCF2 (blue). Number represents per-
centage of neutrophils with translocated RalF as measured by CCF2-blue fluo-
rescence. B. Cells from mice infected with control L. pneumophila AflaAAdotA
strain containing pxDC61 plasmid expressing RalF-BlaM shows no translocation.
C. Percentage of neutrophils with translocated RalF-BlaM measured by CCF2-
blue fluorescence from C57BL/6 (WT), cytohesin-1 (Cythl”) and cytohesin-3
(Cyth37) mice. Graphs present the mean with SEM. n=3 from one experiment.
No significant difference was found between wildtype and knockout mice (thresh-
old p<0.05; unpaired two-tailed student t-test).

The blue conversion of CCF2 by translocated RalF- BlaM in MCs was also inves-
tigated. One day after infection, few MCs had infiltrated the bronchoalveolar
space. However, mice that were infected with L. pneumophila AflaA expressing
RalF-BlaM showed similar translocation levels in MCs as neutrophils (Figure
3.5A). MCs from mice infected with L. pneumophila AflaAA4dotA mutant did not

show any shift in CCF2 green to blue emission (Figure 3.5B).

As in previous analyses, no statistically significant difference was observed in the
translocation of RalF-BlaM into MCs in Cythl or Cyth3 deficient mice (Figure
3.5C). Therefore, Cythl and Cyth3 deficiency did not alter the translocation of
RalF-BlaM in MCs.
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Figure 3.5: Translocation of L. pneumophila effectors in cytohesin-1 or -3
deficient monocyte-derived cells in vivo. Mice were infected with L. pneu-
mophila AflaA expressing the translocated effector RalF fused to the reporter pro-
tein BlaM (pXDC61 RalF-BlaM) or respective control strains for 1 day. Cells were
collected by bronchoalveolar lavage and stained with CCF2-AM dye, which is
cleaved by translocated RalF-BlaM resulting in a spectral shift from green to blue.
A. Gating strategy to identify monocyte-derived cells with cleaved CCF2 (blue).
Number represents percentage of MCs with translocated RalF as measured by
CCF2-blue fluorescence. B. Cells from mice infected with control L. pneumophila
AflaAAdotA strain containing pxDC61 plasmid expressing RalF-BlaM shows no
translocation. C. Percentage of MCs with translocated RalF-BlaM measured by
CCF2-blue fluorescence from C57BL/6 (WT), cytohesin-1 (Cyth1”) and cytohe-
sin-3 (Cyth37) mice. Graphs present the mean with SEM. n=3 from one experi-
ment. No significant difference was found between wildtype and knockout mice
(threshold p<0.05; unpaired two-tailed student t-test).

In summary, the efficiency of L. pneumophila effector translocation was meas-
ured in the main pulmonary phagocytes known to internalise L. pneumophila dur-
ing infection in vivo. Neither cytohesin-1 nor cytohesin-3 altered the efficiency of

effector translocation and were therefore unlikely to influence LCV biogenesis.
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3.2.3 Cytohesin-3 contributes to weight recovery after L. pneumophila in-
fection

The phenotype of different cytohesin knockout (KO) mice challenged with
L. pneumophila was assessed to elucidate the overall effect of cytohesin defi-
ciency on the immune response to respiratory infection. The specific mouse
strains utilized were cytohesin-1 (Cyth1) and cytohesin-3 (Cyth3) germline knock-
out (KO) strains, and conditional (cond.) cytohesin-2 (Cyth2) KO mice, which con-
tains both floxed Cyth2 alleles and a single Lyz2¢r allele resulting in deletion of
Cyth2 in certain myeloid cells. The expression of Cre recombinase by the Lyz2
promoter generates deletion of Cyth2 only in myeloid cell populations. The latter
strain was used because germline knockout of Cyth2 results in neonatal lethality
(Jux, B., unpublished). Although a fourth member of the cytohesin family exists
(Cyth4), this was not investigated in these studies as knockout animals have not
yet been generated.

In order to assess the overall phenotype during Legionella infection, control mice
(see below) and cytohesin KO mice were challenged with aflagellated L. pneu-
mophila then assessed over a 7 day period where body weight was monitored
daily. For the control groups, wildtype C57BL/6 (WT) mice were used for Cythl
and Cyth3 KO experiments, while myeloid-specific Cyth2 KO experiments re-
quired the controls, Cyth2 floxed Cre-recombinase negative mice and Cyth2
wildtype Cre-recombinase positive mice to account for the hemizygous deletion
of Lyz2 gene.

The expected phenotype for the L. pneumophila infection model in C57BL/6 mice
is weight loss in the early stages of infection (1-3 days) (established model in our
laboratory). After the third day, when the innate immune response peaks and
bacterial burden drops, mice typically start to regain weight. The phenotype ob-

served in these experiments was consistent with this for WT mice (Figure 3.6).

On day 1 post-infection (p.i.), Cythl”- and Cyth3”- mice exhibited a minor increase
in weight loss compared to WT (Figure 3.6A). However, this normalized by day 2.

More interestingly, Cyth3’- mice displayed a significantly delayed and reduced
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weight recovery that manifested after 3 days p.i.. Notably, after 7 days, infected
Cyth3”- mice still had not fully regained initial body weight in contrast to Cythl--
and WT mice.

During L. pneumophila infection in Cyth2 mice, myeloid-specific Cyth2 KO mice
showed comparable weight reduction as the control mice (Figure 3.6B). In addi-
tion, weight gain among these groups proceeded in similar fashion till day 5 p.i..
Intriguingly, by day 7 p.i. myeloid-specific Cyth2 KO mice had gained significantly

more weight compared to Cyth2%f mice (Figure 3.6B).

These results demonstrated that loss of Cythl or myeloid deletion of Cyth2 did
not affect the overall health of animals as measured by weight upon Legionella
infection. In contrast, loss of Cyth3 had strong impact on the recovery of mice

following L. pneumophila infection.
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Figure 3.6: Body weights of cytohesin-1 and cytohesin-3 knockout mice and
cytohesin-2 conditional knockout mice following L. pneumophila infection.
C57BL/6 (WT), cytohesin-1 (Cythl”) and cytohesin-3 (Cyth3”-) knockout mice
(A.) and cytohesin-2 conditional knockout (Cyth2 LysM/Cre), floxed cytohesin-
2 (Cyth2M) and LysM/Cre (Cyth2** LysM/Cre) control mice (B.) were challenged
with L. pneumophila AflaA and weighed daily. Graphs present the mean with
SEM. n=7 pooled from n=2 independent experiments (*, p<0.05; **, p<0.01; two-
tailed Mann-Whitney U-test).
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3.2.4 Cytohesins are not required for pulmonary clearance of L. pneu-
mophila

To determine if genetic loss of the cytohesins affected pulmonary clearance of
L. pneumophila, the bacterial burden in cytohesin KO mice was assessed over
the course of the 7 days. Lungs were collected and the number of colony-forming
units were determined from lung homogenates (as described in 2.6.1).

The typical kinetics of bacterial load observed in this model are that bacterial bur-
den increases within the first 2 days, followed by gradual clearance (established
model in our laboratory). This is consistent with what was observed in these ex-
periments (Figure 3.7A).

In the course of L. pneumophila infection assessed here, none of cytohesin-1,
cytohesin-2 or cytohesin-3 had any effect on bacterial load, with Cythl” and
Cyth3-- mice showing same trend of bacterial burden as WT mice (Figure 3.7A).
Hemizygous replacement of the original Lyz2 gene resulted in a minor reduction
in bacterial load on day 5, which is consistent with a role for lysozyme in clearing
bacterial infection. However, the additional deletion of Cyth2 did not alter the bac-

terial burden in comparison to Cyth2+* LysM/Cre (Figure 3.7B).

Overall, none of the cytohesins analysed had an effect on pulmonary clearance

of L. pneumophila in mice.
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Figure 3.7: Bacterial burden in the lungs of cytohesin-1 and cytohesin-3 knockout and cytohesin-2 cond. knockout mice
following L. pneumophila infection. C57BL/6 (WT), cytohesin-1 (Cyth1”-) and cytohesin-3 (Cyth3”) knockout mice (A.) and
cytohesin-2 conditional knockout (Cyth2%fl LysM/Cre), floxed cytohesin-2 (Cyth2%) and LysM/Cre (Cyth2*'* LysM/Cre) control
mice (B.) were challenged with ~2.5 x 108 L. pneumophila AflaA. At indicated time points, lungs were collected, homogenized,
cells lysed with saponin and serial dilutions of lysates plated on BCYE agar plates to determine total CFU. n=7 pooled from n=2
independent experiments (*, p<0.05; two-tailed Mann-Whitney U-test).

79



The role of cytohesins in the innate immune response to Legionella pneumophila infection

3.2.5 Cytohesin-1 and cytohesin-3 deficiency leads to elevated pulmonary
cytokine release, while cytohesin-2 conditional knockout results in

partially decreased cytokine levels

Respiratory infection with L. pneumophila leads to acute inflammation in the mu-
rine lung resulting in strong cytokine production by tissue resident and infiltrated
immune and non-immune cells at the primary site of infection (182, 289). The
release of IFNy, TNF and IL-12 at the site of infection leads to an enhanced bac-
tericidal activity of certain innate immune cells and in this way, drives the bacterial
clearance (244, 290, 291). Furthermore, IL-6 exerts pro- and anti-inflammatory
functions and additionally to IL-17A, IL-10 and IL-12 it shapes T cell responses
(292-296). Moreover, monocyte chemoattractant protein-1 (MCP-1) plays an im-
portant role in the recruitment of monocytes, neutrophils and lymphocytes to the
site of infection (297). To analyse the effect of cytohesins on the cytokine re-
sponse upon L. pneumophila infection, BAL were collected from cytohesin KO
and control mice after L. pneumophila infection. Levels of IFNy, TNF, MCP-1, IL-

12, IL-6, IL-17A and IL-10 were determined using cytometric bead array.

Overall, the cytokine response appeared to peak on the second day of infection,
which is consistent with previous descriptions of this model (Figure 3.8) (estab-
lished model in our laboratory). Interestingly, cytohesin deficiency in mice showed

an effect on pulmonary cytokine levels in a time-dependent manner.

In the early stages of L. pneumophila infection Cythl’- mice displayed signifi-
cantly elevated levels of pulmonary TNF on day 1 post-infection (p.i) and en-
hanced levels of IFNy, IL-12 and IL-17A on day 2 p.i.. No effect of Cythl defi-
ciency was observed in the release of MCP-1, IL-10 and IL-6 (Figure 3.8).

In the BAL of Cyth3”- mice IL-12 and IL-6 were elevated on day 2 p.i. but no
significant alterations in the secretion of pulmonary IFNy, TNF IL-17A, MCP-1 and

IL-10 was observed in Cyth3 deficient animals (Figure 3.8).
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Figure 3.8: Pulmonary cytokine levels in L. pneumophila infected cytohe-
sin-1 and cytohesin-3 knockout mice. C57BL/6 (WT), cytohesin-1 (Cyth1”)
and cytohesin-3 (Cyth3--) knockout mice were infected with L. pneumophila AflaA
and bronchoalveolar lavages performed at the indicated timepoints. Levels of
IFNy, TNF, MCP-1, IL-12, IL-6, IL-17A and IL-10 were measured by cytometric
bead array. Graphs present the mean and SEM. n=3-7 pooled from = 2 experi-
ments (*, p<0.05;**, p<0.01; unpaired two tailed student t-test).

In myeloid-specific Cyth2 KO, a significantly reduced amount of pulmonary IFNy
was observed relative to floxed and Cre-recombinase controls on day 2 and 3
p.i., as well as reductions in IL-12 and IL-17A levels on day 2. In contrast, MCP-1
levels and IL-6 appeared to be elevated in the BAL of myeloid-specific Cyth2 KO
mice, whereas IL-10 and TNF concentrations were similar among the analysed

groups (Figure 3.9).

These results showed that cytohesins differentially affect the release of specific
cytokines in the bronchoalveolar space following L. pneumophila infection. The
strongest effects on the cytokine response was observed in the BAL of Cythl/
mice. Deletion of Cythl led to elevated levels of IFNy, TNF, IL-12 and IL-17A.
Additionally, deficiency of Cyth3 resulted in an enhanced release of pulmonary
IL-12 and IL-6 and conditional KO of Cyth2 affected the release of IL-6 and
MCP-1. However, this KO had mostly an inhibitory effect on the secretion of IFNy,
IL-12 and IL-17A. Given that the alterations in cytokine levels were observed at
specific time points p.i., this suggested a temporal regulation of cytokine release

by cytohesins.
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Figure 3.9: Pulmonary cytokine levels in L. pneumophila infected cytohe-
sin-2 conditional knockout mice. Cytohesin-2 conditional knockout (Cyth2f/
LysM/Cre), floxed cytohesin-2 (Cyth2") and LysM/Cre (Cyth2+* LysM/Cre) con-
trol mice were infected with L. pneumophila 4flaA and bronchoalveolar lavages
performed at the indicated timepoints. Levels of IFNy, TNF, MCP-1, IL-12, IL-6,
IL-17A and IL-10 were measured by cytometric bead array. Graphs present the
mean and SEM. n=3-7 pooled from = 2 experiments (*, p<0.05;**, p<0.01; un-
paired two tailed student t-test).
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3.2.6 Phagocyte transmigration after L. pneumophila infection

The alterations in cytokine response observed in 3.2.5 could result in differential
recruitment of leukocytes to the lung in cytohesin KO mice. Additionally, it is es-
tablished that cytohesins have roles in cell adhesion and cell migration. There-
fore, the studies in this section examined the impact of cytohesin-deficiency on
the recruitment and transmigration of different phagocyte populations.

In order to investigate the effect of cytohesins on phagocyte recruitment to the
site of inflamed tissue following L. pneumophila infection, control mice and cyto-
hesin KO mice were challenged with L. pneumophila AflaA over a 7-day period
and the number of phagocytes were enumerated at certain time points during the
infection. To investigate the transmigratory properties of leukocytes and to distin-
guish lung-infiltrated immune cells in cytohesin deficient mice, a CD45.2 antibody
was injected into the tail vein prior to killing to label all leucocytes in the vascula-
ture (see illustration Figure 2.1). Leukocytes that did not stain with CD45.2 anti-
body were considered to have infiltrated into the lung. After harvesting the lung
and processing to single cell suspension, cells were stained with an antibody mix
that included a second CD45 antibody, which recognizes a distinct epitope, to
discriminate individual types of phagocytes. For correct identification of CD45.2
positivity, a WT control mouse was injected with PBS (vehicle) instead of CD45.2
antibody in each experiment to indicate true CD45.2 negativity (Figure 3.10B,
Figure 3.11B, Figure 3.12B).
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3.2.6.1 Cytohesins in neutrophil recruitment

Upon infection, neutrophils rapidly infiltrate the lungs of mice and represent one

of the dominant cell types in the innate response to L. pneumophila (244).

During L. pneumophila AflaA infection, neutrophils showed a 30-fold increase
3 days p.i compared to steady state in WT mice (Figure 3.10C left). At 3 days p.i.
around 80% of the recruited neutrophils were located within the lung tissue as
opposed to remaining in the lung vasculature (Figure 3.10C right). By day 7 p.i.
the number of tissue located neutrophils had dropped, but high numbers of neu-
trophils still remained in the whole lung vasculature (Figure 3.10C).

The neutrophil kinetics in whole lung (Figure 3.10C left) and lung tissue (Figure
3.10.C right) of Cyth1”- and Cyth3”- mice were similar to WT mice following infec-
tion. The proportion of neutrophils that transmigrated into the tissue in relation to
whole lung was also similar among the groups (Figure 3.10E), indicating that
Cythl and Cyth3 did not participate in neutrophil recruitment and their extravasa-

tion into the lung tissue.

Neutrophil kinetics in Cyth2 mice presented the same trend as the controls
(Figure 3.10D) showing a similar amount of neutrophils entered the lung (Figure
3.10E). Notably, Cyth2 control mice displayed a significantly enhanced number
of total and infiltrated neutrophils compared to the other groups on day 5 p.i. sug-
gesting that heterozygosity of the LysM gene alone could affect phagocyte num-
bers (Figure 3.10D). The enhanced neutrophil count reflected the higher bacterial
burden observed in 3.2.4 for this time point. On day 7 p.i., myeloid-specific KO
Cyth2 mice showed a minor elevation in the total neutrophil number compared to
the controls, but this was small and unlikely to have physiological effect (Figure
3.10D).

Consequently, deficiency in Cythl, Cyth2 and Cyth3 did not strongly affect the

migration properties of neutrophils.
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Figure 3.10: Kinetics of neutrophil recruitment in the lungs of cytohesin
knockout mice following L. pneumophila infection. Mice were infected with
L. pneumophila AflaA, then injected with CD45.2 antibody i.v. to label cells in the
vasculature prior to analysing lung cells by flow cytometry at indicated timepoints.
A. and B. Simplified gating strategy for neutrophils in murine lung after CD45.2
antibody (A.) or PBS (B.) injection following 3 days infection. Dotted arrows indi-
cate sequential gating. C. Enumeration of neutrophils in C57BL/6 (WT), cytohe-
sin-1 (Cyth1”) and cytohesin-3 (Cyth3--) knockout mice. D. Enumeration of neu-
trophils in cytohesin-2 conditional knockout (Cyth2%f LysM/Cre), floxed cytohe-
sin-2 (Cyth2"M) and LysM/Cre (Cyth2** LysM/Cre) control mice. Left panels pre-
sent the neutrophil count in the whole lung with vasculature, right panels present
the cell count of infiltrated neutrophils into the lung tissue. E. and F. Percentage
of lung-infiltrated vs total neutrophils in the lung after 3 days infection. Graphs
present the mean with SEM. n=8 pooled from n=2 independent experiments. Sig-
nificant differences were found between Cyth2%f LysMCre and Cyth2+* LysM/Cre
(day 7) and Cyth2"f between Cyth2/i LysMCre and Cyth2** LysM/Cre (day 5,
not indicated) in whole lung (**, p<0.01; two-tailed Mann-Whitney U-test).
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3.2.6.2 Cytohesins in monocyte recruitment

Given their plasticity, differentiated monocytes overlap in function and morphol-
ogy with tissue-resident macrophages and cDCs, and therefore, are termed as
monocyte derived cells (MCs) (26-28). Early in L. pneumophila infection, MCs
migrate into the lung in large numbers and are one of the main contributors to the

clearance of L. pneumophila infection (244).

MC numbers increased 200-fold from steady state 3 days p.i with L. pneumophila
AflaA (Figure 3.11C). In the later stages of infection, the number of MCs slowly
decreased but, in contrast to neutrophils, MCs still stayed relatively high which is

consistent with previous reports (244).

The analysis of MCs in infected Cyth1”- mice showed similar overall kinetics as
WT mice, except for day 3 p.i. where the MC count was slightly elevated in
Cyth1’- compared to WT mice (Figure 3.11C). Cyth3 mice also displayed simi-
lar MC kinetics relative to WT upon L. pneumophila infection (Figure 3.11C).
Again, infected Cyth2 mice showed equal infiltration and kinetics of MCs relative
to the controls (Figure 3.11D).

In summary, among the analysed cytohesins only Cythl had any effect on MC
recruitment. However, this was minor and likely does not have any biological sig-

nificance.

89



The role of cytohesins in the innate immune response to Legionella pneumophila infection

single cells, live, CD45*, SiglecF, CD11c?, Single cells, live, CD45*, SiglecF, CD11c%,
- o oo
2 1 —
2 o [ o
s £
o~ o
0 ey 0 g
< ] ] m ]
S z "1 w4 Tissue Blood ez
& ] 8 i £ 43
D4 ———> (D452 ——> g4 ——
Whole lung Lung tissue
108_
* *
107-
105-
[
Q
=
105-
1044 - WT
= Cyth1”
& Cyth3”
103-
0 3 5 7 0 3 5 7
Days Days
Whole lung Lung tissue
108-
107-
106-
[
Q
=
105_
=+ Cyth2 fiffl
104 B Cyth2 ** LysM/Cre
= cyth2 " [ ysM/Cre
10° T T T T T T T T
0 3 5 7 0 3 5 7
Days Days

90



The role of cytohesins in the innate immune response to Legionella pneumophila infection

Figure 3.11: Kinetics of monocyte-derived cell recruitment in the lungs of
cytohesin knockout mice following L. pneumophila infection. Mice were in-
fected with L. pneumophila 4flaA, then injected with CD45.2 antibody i.v. to label
cells in the vasculature prior to analysing lung cells by flow cytometry at indicated
timepoints. A. and B. Simplified gating strategy for monocyte-derived cells (MCs)
in murine lung after CD45.2 antibody (A.) or PBS (B.) injection following 3 days
infection. Dotted arrows indicate sequential gating. C. Enumeration of MCs in
C57BL/6 (WT), cytohesin-1 (Cythl”) and cytohesin-3 (Cyth3--) knockout mice.
D. Enumeration of MCs in cytohesin-2 conditional knockout (Cyth2/ LysM/Cre),
floxed cytohesin-2 (Cyth2%f) and LysM/Cre (Cyth2+* LysM/Cre) control mice. Left
panels present the MC count in the whole lung with vasculature, right panels pre-
sent the cell count of infiltrated MCs into the lung tissue. Graphs are shown the
mean with SEM. n=8 pooled from n=2 independent experiments. Significant dif-
ferences were found between Cythl” and WT in whole lung and lung tissue on
day 3 p.i. (*, p<0.05; two-tailed Mann-Whitney U-test).

3.2.6.3 Cytohesins in cDC kinetics

There are two populations of cDCs described in the lung. cDC1 can be identified
by high CD103 expression, and are typically present on the basolateral face of
the epithelia in the alveolar space. cDC2 express CD11b, and are located deeper
in the lung parenchyma (32, 223, 245-247). This study did not discriminate the

two populations but rather investigated the total number of all cDCs in the lung.

In the course of infection, the number of cDCs increased 10-fold (3 days p.i.)

compared to steady state and reached its peak by day 5 (Figure 3.12C).

Similar to MCs, the cDC levels were significantly increased in Cythl” mice
whereas Cyth37- mice showed identical cDC kinetics as WT mice (Figure 3.12C).
In contrast, lack of Cyth2 led to a transient lower cDC count on day 3 compared
to the controls (Figure 3.12D).

Consequently, only Cyth1 and Cyth2 affected cDC numbers which could indicate

an alteration in T cell priming in these mice upon infection.
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Figure 3.12: Kinetics of conventional dendritic cell recruitment in the lungs
of cytohesin knockout mice following L. pneumophila infection. Mice were
infected with L. pneumophila 4flaA, then injected with CD45.2 antibody i.v. to la-
bel cells in the vasculature prior to analysing lung cells by flow cytometry at indi-
cated timepoints. A. and B. Simplified gating strategy for conventional dendritic
cells (cDCs) in murine lung after CD45.2 antibody (A.) or PBS (B.) injection fol-
lowing 3 days infection. Dotted arrows indicate sequential gating. C. Enumeration
of cDCs in C57BL/6 (WT), cytohesin-1 (Cyth1-) and cytohesin-3 (Cyth3-) knock-
out mice. D. Enumeration of cDCs in cytohesin-2 conditional knockout (Cyth2f
LysM/Cre), floxed cytohesin-2 (Cyth2") and LysM/Cre (Cyth2+* LysM/Cre) con-
trol mice. Left panels present the cDC count in the whole lung with vasculature,
right panels present the cell count of infiltrated cDCs into the lung tissue. Graphs
present the mean with SEM. n=8 pooled from n=2 independent experiments. Sig-
nificant differences were found between Cyth1l” and WT in whole lung and lung
tissue, Cyth2/ LysM/Cre and Cyth2** LysM/Cre and Cyth2%f in whole lung and
in lung tissue (*, p<0.05; **, p<0.01 two-tailed Mann-Whitney U-test).

3.2.6.4 Cytohesins in AM kinetics

Alveolar macrophages (AM) are the most abundant cell type of lung-tissue-resi-
dent macrophages and are found at the epithelia of the alveolar space (32, 223).
Therefore, this cell population is stained negative for the intravenously injected
CD45.2 antibody. Because AM are the replicative niche for L. pneumophila, it is
assumed that bacterial replication and subsequent cell lysis led to a decrease in
AM number after infection (Figure 3.13A) (established model in our laboratory).
As the bacteria were cleared and the bacterial burden in the lung declined, AM

slowly replenished and increased in cell number from 5 day p.i..

Overall, Cythl, Cyth3 (Figure 3.13B) or Cyth2 (Figure 3.13C) deficiency did not

influence AM number prior or post infection.
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Figure 3.13: Kinetics of alveolar macrophages in the lungs of cytohesin
knockout mice following L. pneumophila infection. Mice were infected with
L. pneumophila AflaA and alveolar macrophages (AM) quantified by flow cytom-
etry at indicated timepoints. A. Simplified gating for alveolar macrophages in mu-
rine lung before (Day 0, left) or after (Day 3, right) infection. B. Enumeration of
AM in C57BL/6 (WT), cytohesin-1 (Cyth1”-) and cytohesin-3 (Cyth3--) knockout
mice. C. Enumeration of AM in cytohesin-2 conditional knockout (Cyth2f/fi
LysM/Cre), floxed cytohesin-2 (Cyth2") and LysM/Cre (Cyth2+* LysM/Cre) con-
trol mice. Graphs present the mean with SEM. n=8 pooled from n=2 independent
experiments. Significant differences were found for Cyth2% control on day 5 (not
indicated,**, p<0.01 two-tailed Mann-Whitney U-test).
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3.2.7 Phagocytosis of L. pneumophila by different myeloid cells

To elucidate whether cytohesins played a role in the phagocytic processes of
different myeloid populations, intracellular L. pneumophila were stained with a
L. pneumophila specific antibody in lung phagocytes (298). It is important to note
that this antibody does not discriminate viable bacteria and also stains free anti-
gens and/or degraded bacteria. The phagocytes stained positive for L. pneu-
mophila (L.pn*) in the lung tissue were enumerated and the percentage of L.pn*

of total phagocyte population in the tissue determined.

After 3 days of infection, the number of L.pn* neutrophils decreased due to grad-
ual clearance of the pathogen (Figure 3.14B). In the early stages of infection,
around 30% of lung-located neutrophils were L. pneumophila positive and 4 days

later the percentage of L.pn* neutrophils declined to ~10% (Figure 3.14C).

In Cyth1”- mice the absolute count of tissue L.pn* neutrophils did not statistically
differ compared to WT mice over the course of infection (Figure 3.14B). How-
ever, in relation to the total number of neutrophils in the lung, the proportion of
L.pn* neutrophils in Cyth1”- mice was slightly decreased on day 3 p.i. compared
to WT mice (Figure 3.14C).

In Cyth3” mice, there were increased numbers of L.pn* neutrophils in the later
stages of infection compared to WT mice (Figure 3.14B). However, the propor-
tion of neutrophils that were L.pn+ was percentage-wise not significantly different
in Cyth3” mice on day 7 (Figure 3.14C).

The absolute number of L.pn* neutrophils in myeloid-specific Cyth2 KO mice were
similar to controls (Figure 3.14B). However, percentage-wise L.pn* neutrophils

were slightly lower in these mice on day 7 p.i. (Figure 3.14C).

These results indicated that deletion of Cythl, Cyth2 and Cyth3 in neutrophils did
not drastically alter the phagocytic processes upon L. pneumophila infection.
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Figure 3.14: Enumeration of L. pneumophila* neutrophils in the lung of cy-
tohesin knockout mice after infection. C57BL/6 (WT), cytohesin-1 (Cyth1”)
and cytohesin-3 (Cyth3”) knockout mice, as well as cytohesin-2 conditional
knockout (Cyth2%fl LysM/Cre), floxed cytohesin-2 (Cyth2%f) and LysM/Cre
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(Cyth2+*+LysM/Cre) control mice were challenged with L. pneumophila AflaA over
a 7 day time course. Murine lung was collected to different time points and L.
pneumophila*(L.pn*) neutrophils were identified and quantified via flow cytometry
analysis as in Figure 3.10A with the use of an antibody that stains L.pn LPS. A.
Simplified gating for L.pn* neutrophils in murine lung 3 days after infection and
not infected mice (control). B. Enumeration of L.pn* neutrophils presented lung
tissue. C. Percentage of L.pn* neutrophils of all neutrophils in the lung tissue.
Graphs present the mean with SEM. n28 pooled from n=2 independent experi-
ments (*, p<0.05; two-tailed Mann-Whitney U-test).

After infection, MCs engulf L. pneumophila and the number of L.pn* MCs de-
creases slowly over time Figure 3.15B. Notably, the percentage of L.pn* MC in

relation to all lung tissue MCs increased from ~50% to ~80% (Figure 3.15C).

Cyth1’ mice displayed a lower number of L.pn* MCs on day 7 p.i. (Figure 3.15B),
although proportionally they did not alter compared to WT L.pn* MCs (Figure
3.15C).

Moreover, Cyth3” L.pn* MCs were numerically increased versus WT L.pn* MCs
in the early stage (Figure 3.15B). However, these differences were not significant
when calculated as a percentage of total lung infiltrated MCs in these mice
(Figure 3.15C).

In Cyth2 experiments the Cyth2+* LysM/Cre control mice showed elevation of
L.pn* MCs compared to myeloid-specific Cyth2 KO mice (Figure 3.15B), which
was not significantly different percentage-wise (Figure 3.15C). However, similar
to L.pn* neutrophils, L.pn* MCs in myeloid-specific Cyth2 KO were proportionally

lower compared to the controls on day 7 (Figure 3.15C).

Therefore, deletion of either Cythl, Cyth2 or Cyth3 did not remarkably modify the
phagocytosis of L. pneumophila by MCs.
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Figure 3.15: Enumeration of L. pneumophila* monocyte-derived cells in the
lung of cytohesin knockout mice after infection. C57BL/6 (WT), cytohesin-1
(Cyth17) and cytohesin-3 (Cyth3--) knockout mice, as well as cytohesin-2 condi-
tional knockout (Cyth2 LysM/Cre), floxed cytohesin-2 (Cyth2%f) and LysM/Cre
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(Cyth2+*+LysM/Cre) control mice were challenged with L. pneumophila AflaA over
a 7 day time course. Murine lung was collected to different time points and
L. pneumophila* MCs were identified and quantified via flow cytometry analysis
as in Figure 3.11A with the use of an antibody that stains L.pn LPS. A. Simplified
gating for L.pn* MCs in murine lung 3 days after infection and not infected mice
(control). B. Enumeration of L.pn* MCs presented lung tissue. C. Percentage of
L.pn* MCs of all MCs in the lung tissue. Graphs present the mean with SEM. n=8
pooled from n=2 independent experiments (*, p<0.05; **, p<0.01; two-tailed
Mann-Whitney U-test).

The number of cDCs which engulfed L. pneumophila in the course of infection
was lower than other phagocytes, with only 4-8% of all lung located cDCs staining

positive for L. pneumophila (Figure 3.16).

Following infection, Cythl”- mice displayed similar absolute counts (Figure
3.16B) and percentage (Figure 3.16C) of L.pn* cDC compared to WT mice. Sim-
ilar to neutrophils, the absolute count of L.pn*cDC was increased in Cyth37- mice
(Figure 3.16B), but was not different as a proportion of total cDCs (Figure
3.16C).

Decreased numbers of L.pn* cDC were observed in myeloid-specific Cyth2 KO
mice on day 3 (Figure 3.16B). However, this was in line with generally lower
numbers of cDCs (see Figure 3.12) and was not significantly different as a pro-
portion of total cDC (Figure 3.16C). The percentage of L.pn* cDC in these mice
was inconsistent and showed a higher percentage of L.pn* cDCs on day 5 and
lower on day 7 p.i. (Figure 3.16C). It therefore seems unlikely that phagocytosis

by cDCs is altered overall in myeloid-specific Cyth2 KO mice.

In conclusion, this data suggests that Cythl, Cyth2 or Cyth3 did not heavily im-

pact the uptake of L. pneumophila in cDCs.
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Figure 3.16: Enumeration of L. pneumophila* cDCs in the lung of cytohesin
knockout mice after infection. C57BL/6 (WT), cytohesin-1 (Cyth1”-) and cyto-
hesin-3 (Cyth3”) knockout mice, as well as cytohesin-2 conditional knockout
(Cyth2ff LysM/Cre), floxed cytohesin-2 (Cyth2%M) and LysM/Cre (Cyth2+*
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LysM/Cre) control mice were challenged with L. pneumophila AflaA over a 7 day
time course. Murine lung was collected to different time points and L. pneumoph-
ila* cDCs were identified and quantified via flow cytometry analysis as in Figure
3.12A with the use of an antibody that stains L.pn LPS. A. Simplified gating for
L.pn* cDCs in murine lung 3 days after infection and not infected mice (control).
B. Enumeration of L.pn* cDCs presented lung tissue. C. Percentage of L.pn*
cDCs of all cDCs in the lung tissue. Graphs present the mean with SEM. n=8
pooled from n=2 independent experiments (*, p<0.05; **, p<0.01; two-tailed
Mann-Whitney U-test).

Although the AM population decreased in the early stages of infection, the num-
ber of L.pn* AM consistently increased, possibly because of the uptake of bacte-
rial debris and Legionella antigens (Figure 3.17B). Approximately 50-85% of AM
were stained positive for L.pn and therefore, represented the phagocyte with the

highest L. pneumophila content (Figure 3.17C).

During the course of infection, no significant differences were found in the abso-
lute (Figure 3.17B) and relative number (Figure 3.17C) for L.pn* AM among
Cyth1/, Cyth3’ and WT mice.

Similarly, in Cyth2 experiments the absolute values for L.pn* AM were equal to
the controls (Figure 3.17B). However, on day 7 p.i. the percentage of L.pn* AM
in myeloid-specific Cyth2 KO mice was much lower than in the controls (Figure
3.17C) which could indicate that there were less L.pn antigens present in these

mice by this time point.

In summary, Cythl, Cyth2 or Cyth3 were not required in the phagocytosis of

L. pneumophila in AM upon infection in mice.
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Figure 3.17: Enumeration of L. pneumophila* alveolar macrophages in the
lung of cytohesin knockout mice after infection. C57BL/6 (WT), cytohesin-1
(Cyth17) and cytohesin-3 (Cyth3--) knockout mice, as well as cytohesin-2 condi-
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tional knockout (Cyth2" LysM/Cre), floxed cytohesin-2 (Cyth2%f) and LysM/Cre
(Cyth2+* LysM/Cre) control mice were challenged with L. pneumophila AflaA over
a 7 day time course. Murine lung was collected to different time points and
L. pneumophila® alveolar macrophages (AM) were identified and quantified via
flow cytometry analysis as in Figure 3.13A with the use of an antibody that stains
L.pn LPS. A. Simplified gating for L.pn™ AM in murine lung 3 days after infection
and not infected mice (control). B. Enumeration of L.pn* AM presented lung tis-
sue. C. Percentage of L.pn* AM of all AM in the lung tissue. Graphs present the
mean with SEM. n=8 pooled from n=2 independent experiments (*, p<0.05; two-
tailed Mann-Whitney U-test).

In summary, deletion of Cythl” led to a reduction in the absolute count of L.pn*
neutrophils and L.pn* MCs, while Cyth3-- deficiency caused an increase in the
absolute count of L.pn* neutrophils, L.pn* MCs and L.pn* cDCs at certain time
points during L. pneumophila infection. Nonetheless, these alterations were not
present when calculated as a percentage of the total number of the respective
myeloid population present in the lung tissue, indicating that phagocytosis in
these cell populations was not altered in the absence of Cythl of Cyth3, and any

difference was potentially due to differences in cell numbers present.

Myeloid-specific Cyth2 KO mice appeared to have a reduced percentage of phag-
ocytes positive for L. pneumophila when compared to the cell amount in the lung
tissue in the late stage of infection. However, these alterations were not dramatic
and did not lead to changes in the overall bacterial burden in the lung of myeloid-
specific Cyth2 KO mice. This suggested that Cyth2 does not play an essential
role in the phagocytosis of L. pneumophila in mice.
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3.3 Discussion

Increasing evidence over the last several years supported the idea of a regulatory
role of cytohesins in cell adhesion and migration (reviewed in section 1.4.4),
which suggests they may control recruitment of leukocytes during inflammation.
Additionally, cytohesins are known to be involved in phagocytosis (reviewed in
section 1.4.6), suggesting that the also play a role in innate immunity. However,
whether modulation of these processes affects the outcome of infection in vivo
has never previously been assessed. This study provides the first comprehensive
in vivo analysis of the individual genes of the cytohesin Arf-GEF family during
infection. Specifically, a L. pneumophila respiratory infection model was used to
dissect the function of cytohesin-1, cytohesin-2 and cytohesin-3 in bacterial inva-
sion, replication, clearance, as well as transmigration of different immune cell

types to the infected lung tissue.

3.3.1 Cytohesins are not required in L. pneumophila infection life cycle

A potential role for cytohesins in the life cycle of L. pneumophila was considered
possible, as host Arfl is an important factor in early LCV biogenesis (299, 300)
and cytohesin-1, -2 and -3 act all as GEFs for Arfl (130, 132, 145, 146). However,
no evidence was found for the modulation of replication of L. pneumophila within

phagocytes by the cytohesins.

Experiments of this chapter demonstrated that SecinH3 inhibition of cytohesin
GEF activity did not result in any alteration in the invasion and intracellular repli-
cation of L. pneumophila in either immortalized or primary bone marrow-derived
macrophages indicating that the GEF function of cytohesins were not required in
this process (see results 3.2.1). This might be explained by the fact that L. pneu-
mophila likely expresses its own Arf-GEFs, which apparently do not cooperate
with endogenous exchange factors of the cytohesin family. Some of the effectors
that are injected into the host cell which act as GEF proteins themselves are RalF,
LidA, DrrA, and Lpg0393 (301-304), with RalF displaying a Sec7 domain, which

is the enzymatic domain for the Arf-GEF activity. RalF is secreted into the host
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cytosol in the early stages of the intracellular life cycle of L. pneumophila and the
Sec7 domain shares 47% sequence homology with eukaryotic Arf-GEFs (305).
This suggests that L. pneumophila does not depend on the guanine nucleotide

exchange activity by host Arf-GEFs such as cytohesins.

In Shigella and Salmonella, which both exploit cytohesins for invasion into host
cells, translocation of the cytohesin to the cytosolic side of the host plasma mem-
brane is necessary to mediate the sequential recruitment of other effectors to
trigger bacterial entry (169, 171). These findings raise the question of whether
cytohesins might operate as adapter proteins during bacterial invasion and in
early LCV biogenesis. A translocation assay was used to measure the efficiency
of effector secretion into different pulmonary phagocytes in the early stage of in-
fection (section 3.2.2). However, the conducted data suggested that cytohesin-1
and cytohesin-3 were not essential in the translocation processes and were un-
likely to significantly contribute to LCV biogenesis in pulmonary AM, neutrophils
and MCs.

In summary, L. pneumophila does not depend on the presence of host derived
cytohesin-1 and -3, as well as cytohesin enzymatic activity, for bacterial invasion

and for intracellular replication.

3.3.2 Cytohesin-1 does not affect the innate immune response following

L. pneumophila infection

The data based on in vivo infection experiments of this chapter suggested cyto-
hesin-1 was not a critical factor for the clearance of L. pneumophila in murine
lung. Mice deficient for cytohesin-1 efficiently cleared bacteria and recovered
from the infection within one week similar to wildtype mice. This finding was also
in accordance with the overall observation that the cell recruitment of key phago-
cytes to the inflamed lung was not strongly affected in the absence of cytohesin-1.
Therefore, cytohesin-1 did not play an essential role in the coordination and re-

cruitment of myeloid cells in this infection model. Additionally, deletion of cytohe-
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sin-1 did not influence the capability of myeloid cells to phagocytose the bacteria
which is consistent with the lack of influence on L. pneumophila clearance.

Interestingly, cytohesin-1 deficient mice showed an elevated response of proin-
flammatory cytokines in the bronchoalveolar space in the early stages of infec-
tion. This was accompanied by a slightly higher drop in weight on the first day of
infection, which could be linked to increased release of TNF or IFNy. The release
of both cytokines has been associated with body weight loss in different infection
models (306-309). In the course of L. pneumophila infection, IFNy is secreted by
lymphocytes such as NK cells, natural killer T (NKT) cells, Th1l cells, CD8+ effec-
tor T cells and yo T cells and potentially by neutrophils, although this is controver-
sially discussed (202, 291). TNF on the other hand is produced by MCs, neutro-
phils, cDCs and by bystander macrophages (237, 290, 291). MCs and cDCs also
release IL-12 (212, 244). The latter two cell types were found slightly elevated in
the early stages of infection in Cyth1/- mice and could be the source of enhanced
IL-12 levels (244, 291). However, an exact identification of the cellular origin for
the distinct cytokines was not assessed here. It is likely that these observed
events are coupled and the result of a positive feedback-loop previously de-
scribed by our laboratory (244). In this loop, IL-12 induces the expression of
IFNy and IL-17A in a non-cognate manner from lymphocytes, which in turn stim-
ulates the release of other proinflammatory cytokines. However, the observed
elevation of these cytokines seems to happen in a time-restricted manner in
Cyth1’ mice, only being present on the first two days after infection and normal-
ising thereafter. In this way, these alterations in cytohesin-1 deficiency do not
affect the outcome of this disease in mice. Hence, it would need further evaluation
and investigation whether the cytokines might affect cells other than myeloid cells

(e.g. lymphocytes).

In conclusion, no evidence was found to support a significant role of cytohesin-1

in the innate immune response towards pulmonary L. pneumophila infection.
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3.3.3 Myeloid-specific cytohesin-2 knockout leads to increased weight
gain in mice in the late stages of infection

Following L. pneumophila infection, myeloid-specific cytohesin-2 knockout mice
presented a similar phenotype in bacterial clearance and cell recruitment as the
controls. This result strongly suggests that myeloid-specific knockout of cytohe-
sin-2 does not impact the innate immune responses in Legionella infection. No-
tably, cDC numbers in the lungs of these mice were found to be slightly decreased
in the early stages of infection, which normalized relative to the controls in later
phases of infection. However, this alteration did not seem to strongly affect the
general innate immune response to L. pneumophila, although it may suggest that

cytohesin-2 has a minor intrinsic role in cDC recruitment.

Intriguingly, cytohesin-2 appeared to positively regulate cytokine responses in
myeloid cells. The deletion of cytohesin-2 led to a decreased amount of certain
pro-inflammatory cytokines including IL-12, IFNy and IL-17A. Whether this obser-
vation is caused by only one specific cell type (e.g. decreased cDC numbers
might result a lower IL-12 response) or if this effect is present in all myeloid cells
remains unknown. Notably, this effect on cytokines is opposite to the findings in
Cyth1’ mice. Some members of the cytohesin family have been identified to act
in an antagonistic manner on various cellular functions (310). Therefore, it is pos-
sible that the same reciprocal influences may regulate cytokine production. More-
over, similar to the observation in Cythl” mice, downregulation of the cytokine

response in myeloid-specific Cyth2 KO mice only occurred at specific time points.

Another interesting observation was that myeloid-specific Cyth2 KO mice recov-
ered in body weight faster than controls in the late stages of infection, gaining
even more than their initial body weight. This is quite intriguing, as there was no
difference in the immune response or bacterial loads at these timepoints. Addi-
tionally, deletion of Cyth2 was restricted to myeloid cells, and consequently, this
effect must be attributable only to these cells. In this context, the role of adipose
tissue resident macrophages regulating obesity has been intensively studied in

the past (311). It is tempting to postulate that cytohesin-2 might fulfil a regulatory
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function in metabolic processes in adipose tissue macrophages that is triggered
by infection. This is consistent with the findings that cytohesin-2 reacts to meta-
bolic stimuli showing an insulin-dependent translocation to the plasma membrane
in adipocytes (136). Although speculative, it is possible that lack of cytohesin-2
may lead to a dysregulation in metabolism after an infection or insult. However,
this hypothesis will require extensive further studies to corroborate, which could
involve analysis of how cytohesin-2 deficient macrophages react to metabolic

stress.

In summary, these results demonstrate that cytohesin-2 is also not required for
the myeloid immune response towards L. pneumophila. However, it is possible
that cytohesin-2 might fulfil a regulatory function in the metabolic equilibration

after infection.

3.3.4 Cytohesin-3is an important factor in the recovery following infection

The overall phenotype of cytohesin-3 deficient mice was the most pronounced of
the cytohesin deficient mice examined, suggesting that cytohesin-3 may be the
cytohesin most relevant to the response to infection. Mice deficient in cytohesin-3
displayed a drastically impaired weight recovery indicating that the progression
of the disease was worse compared to mice with functional cytohesin-3.

Interestingly, this phenotype could not be explained by an impaired bacterial
clearance as lack of cytohesin-3 did not have any strong impact on innate immune
responses to the pathogen. Although Cyth37- mice had slightly elevated pulmo-
nary IL-6 and IL-12 levels at the early time points of infection, this did not correlate
with an altered cell kinetics and was temporally segregated from when more se-
vere disease was observed, suggesting that this effect was not pronounced

enough to significantly alter pathogenesis.

One possible explanation for the increased disease signs is the postulated role
of cytohesin-3 in insulin signalling, metabolism and lipogenesis (covered in sec-
tion 1.4.3), which has been demonstrated by our laboratory (149). Under chal-

lenge, such as aging or high fat diet, deletion of cytohesin-3 seems to lead to an
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impaired metabolic homeostasis and regulation in mice accompanied by reduced
weight gain due to impaired insulin-receptor signalling (149). In a similar fashion,
abrogated insulin-receptor signalling in the absence of cytohesin-3 might lead to
delayed weight recovery in mice following infection. This hypothesis can be tested
by comparing the phenotypes of insulin-receptor deficient mice with insulin-re-
ceptor/cytohesin-3 double knockout mice under bacterial challenge.

Nevertheless, it is unknown if the given phenotype arose from specific tissue or
distinct cell types. Therefore, the use of tissue specific cytohesin-3 knockout mice
(e.g. liver specific KO) in further studies could shed more light on the mechanism
of action of cytohesin-3 and its (metabolic) function. With reference to the ob-
served phenotype in myeloid-specific Cyth2 KO mice, the alterations in cytohe-
sin-3 knockout mice could arise from certain immune cells (e.g. myeloid cells). In
this scenario, cytohesin-2 and cytohesin-3 might also work in an antagonistic
fashion as has been described for other cellular functions (162). However, this
would require further evaluation including the use of a myeloid-specific cytohe-
sin-3 knockout or a double cytohesin-2/-3 conditional knockout mice. The latter

should then revert the phenotype to wildtype.

The impaired recovery might also indicate an aberrant immune activity in the ab-
sence of cytohesin-3. However, the extent of this abnormality is unclear as
Cyth37 mice still clear the bacterial threat. The lack of any obvious effects of
cytohesin-3 on the replication of L. pneumophila or innate immune responses
analysed here, suggests that the underlying reason for any phenotype is either
not immune-related or may be related to adaptive responses. The latter is further

investigated in Chapter 4.

In summary, the results in this chapter suggest cytohesin-3 is the most important
cytohesin in the response to infection and resulting disease. Consequently, a dys-
functional or absent cytohesin-3 protein may have significant implications for the
outcome of infection with more virulent pathogens of viral, parasitic or bacterial

origin.
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4. The role of cytohesins in T cell responses

4.1 Introduction

In Chapter 3 distinct cytohesins were found to modulate the recovery from
L. pneumophila infection, although only minor and temporally restricted effects
were found in the cytokine and innate immune responses. Additionally, no effect
was observed on bacterial clearance in these mice. One possibility that could
reconcile these observations is cytohesin’s involvement in the adaptive immune
system. Increasing evidence over the past years supported the idea of a regula-
tory function of cytohesins in T cell immunity in particular (covered in section
1.4.5). The experiments in this chapter elucidated whether individual cytohesin
KO mice had altered T cell recruitment or activation. Additionally, the role of cy-
tohesins in T cell responses was investigated using influenza A infection, a model

which relies heavily on T cells to clear infection.

4.2 Results

4.2.1 Cytohesins regulate T cell recruitment following L. pneumophila in-
fection

A similar approach was used to the transmigration experiments performed in
Chapter 3, where CD45.2 was injected i.v. to label vasculature-associated leuko-
cytes. Only T cells within lung tissue were investigated. In addition to antibodies
targeting T cell specific markers, antibodies against CD44 and CD62L were also
utilized to determine effector and memory T cell subtypes (Figure 4.1A, Figure
4.2B).

T cells expressing only CD62L are referred as naive T cells, the co-expression of
CD62L and CD44 determines a central memory T cell phenotype, and the exclu-

sive expression of CD44 defines effector memory T cells (312, 313).
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Typically, in L. pneumophila infection, the number of CD4+ and CD8+ T cells
within the lung increases gradually over time which is consistent with the pheno-
type observed in these experiments (Figure 4.1, Figure 4.2) (established model
in our laboratory). During early infection, T cells are primarily non-cognate,
whereas in the later phase of infection Legionella-specific T cells accumulate in
the lung (244).

Following infection, Cyth1/- mice showed fewer transmigrated CD4+ T cells rela-
tive to WT mice; this effect was especially significant in the late phase of infection
(Figure 4.1B). Moreover, this trend was represented within central (Figure 4.1C)
and effector memory (Figure 4.1D) CD4+ T cell subpopulations.

Cyth3-- mice displayed higher recruitment of CD4+ T cells compared to WT mice
that was statistically significant on day 7 p.i.. Here, central (Figure 4.1C) and
effector memory (Figure 4.1D) CD4+ T cells were found to be numerically en-

hanced, with significantly higher counts of effector memory cells on day 7.

Furthermore, in myeloid-specific Cyth2 KO mice total CD4+ T cells (Figure 4.1B)
and both memory CD4+ T cell subtypes (Figure 4.1C and D) showed a transi-
ently lower count on day 5 p.i..
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Figure 4.1: Enumeration of CD4+ T cell populations in cytohesin knockout
mice following L. pneumophila infection. Mice were infected with L. pneu-
mophila AflaA, then injected with CD45.2 antibody i.v. to label cells in the vascu-
lature prior to analysing lung cells by flow cytometry at indicated timepoints. A.
Different T cell subsets gated on CD4+CD44-CD62L+ for naive, CD4+CD44+
CD62L+ for central memory (TCM) and CD4+CD44+CDG62L- for effector memory
(TEM) CD4+ T cells in murine lung following 5 days infection. B. Enumeration of
total CD4+ T cells, C. TCM and D. TEM cells in the lungs of C57BL/6 (WT), cyto-
hesin-1 (Cyth1”-) and cytohesin-3 (Cyth37) knockout mice (upper panels) and of
cytohesin-2 conditional knockout (Cyth2#M LysM/Cre), floxed cytohesin-2
(Cyth2ff) and LysM/Cre (Cyth2** LysM/Cre) control mice (lower panels). Graphs
present the mean with SEM. n28 pooled from n=2 independent experiments. Sig-
nificant differences were found between Cyth1l”- and WT, Cyth37-and WT in total
CD4+ T cells, TCM and TEM, Cyth2%f LysM/Cre and Cyth2** LysM/Cre in total
CD4+ T cells, TCM and TEM (*, p<0.05; **, p<0.01; ***, p<0.001; two-tailed Mann-
Whitney U-test).

Similar observations to CD4+ T cell kinetics were made of CD8+ T cells in Cyth1,

Cyth2 and Cyth3 knockout mice following L. pneumophila infection (Figure 4.2).

The CD8+ T cell response in Cythl” mice was decreased compared to WT mice
(Figure 4.2B) and a lower number of central (Figure 4.2C) and effector (Figure

4.2D) CD8+ T cells were observed in the late stages of infection.

The total CD8+ T cell number in Cyth3” mice was found elevated on day 7 p.i
relative to WT mice (Figure 4.2B). Additionally, the counts for central (Figure
4.2C) and effector memory (Figure 4.2D) CD8+ T cells were elevated in Cyth3--

mice compared to WT.

Mice with myeloid-specific Cyth2 KO had less total CD8+ T cells on day 3 and 5
p.i. (Figure 4.2B), with decreased numbers of central memory T cells on day 5
(Figure 4.2C) and effector memory T cells on day 3 (Figure 4.2D).

113



The role of cytohesins in T cell responses

Single cells, live, CDA5*, TCRB*, CD3e*
CD8+ Effector Memory T cells

, CD8+ T cells in lung tissue CD8+ Central Memory T cells
10 =
El CD8+
1065 *k 1085 * * 10%9 *
*
105.
105 1054
3 2 2 2
a 3 2 105 2
1]
S : 3 :
44
'c_a 10 b W qos
& & 100 2
a =] (=]
[3) [3) (&)
1034 1034 - WT ~
o 1024 = Cytht
E = Cyth3”
. Tissue 102 . : . 101 . . . . 102 T r T T
El ! 0 3 7 0 3 5 7 0 3 5 7
. : Days Days Days
1w 3 :
EARE |
fa) E 1 106 10°4 1064
[ v 1)* 1)*
et v :
—|Ua o Wa Wq |D6 3)** 2)*** *
1054 i 10°3 10°5
b= o
o
E i 5 E
E 1044 1044 w04
e L -
) ® &
a a [=] a
10° [3) (] o
] 103 10° 10% - Cyth2ﬂ/ﬂ
d 10’ o = Cyth2 ks LysM/Cre
8 " 4 = cyth2™ [ ysm/cre
o "] 102 T ; 10— . . 10— . . .
T T T 3 7 0 3 5 7 0 3 5 7
0 10 10t 1w
Days Days Days

CDh44

114



The role of cytohesins in T cell responses

Figure 4.2: Enumeration of CD8+ T cell populations in cytohesin knockout
mice during L. pneumophila infection. Mice were infected with L. pneumophila
AflaA, then injected with CD45.2 antibody i.v. to label cells in the vasculature prior
to analysing lung cells by flow cytometry at indicated timepoints. A. Different T
cell subsets gated on CD8+CD44-CD62L+ for naive, CD8+CD44+CD62L+ for
central memory (TCM) and CD8+CD44+CD62L- for effector memory (TEM)
CD8+ T cells in murine lung following 5 days infection. B. Enumeration of total
CD8+ T cells, C. TCM and D. TEM cells in the lungs of C57BL/6 (WT), cytohesin-
1 (Cyth1”) and cytohesin-3 (Cyth3--) knockout mice (upper panels) and of cyto-
hesin-2 conditional knockout (Cyth2! LysM/Cre), floxed cytohesin-2 (Cyth2f/f)
and LysM/Cre (Cyth2** LysM/Cre) control mice (lower panels). Graphs present
the mean with SEM. n=8 pooled from n=2 independent experiments. Significant
differences in total CD8+ T cells, TCM and TEM found between Cyth1”-and WT,
Cyth3” and WT, also in total CD8+ T cells between b Cyth2f LysM/Cre and
Cyth2** LysM/Cre, 2 Cyth2f LysM/Cre and Cyth2ff 3) Cyth2f LysM/Cre and
Cyth2+* LysM/Cre; further in TCM between Y Cyth21f LysM/Cre and Cyth2f,
2 Cyth2f LysM/Cre and Cyth2** LysM/Cre and in TEM between Cyth2%f
LysM/Cre and Cyth2+* LysM/Cre (*, p<0.05; **, p<0.01; ***, p<0.001; two-tailed
Mann-Whitney U-test).

In summary, the responses of CD4+ and CD8+ T cells among cytohesin deficient
mice were quite diverse. Cythl’ mice displayed a lower number of central and
effector memory CD4+ and CD8+ T cells, which resulted in lower overall counts
of T cells in the lung. Interestingly, Cyth3-- mice displayed the opposite phenotype
of Cythl”’ mice, demonstrating enhanced recruitment of central and effector
memory CD4+ and CD8+ T cells to the lung. These effects were especially obvi-
ous in the late stage of infection. In contrast, Cyth2 cond. KO led only to a transi-

ently weaker CD4+ and CD8+ T cell response in the middle stages of infection.
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4.2.2 Pulmonary and splenic CD8+ T cell counts are not altered in cytohe-

sin deficient mice following influenza infection

The results in the previous section demonstrated divergent influence of T cell
responses by different cytohesins following bacterial infection. However, in this
infection model T cells have less of a major role in the clearance of L. pneumoph-
ila than innate cells. The strongest differences in the T cell kinetics were found
among Cyth1-/- and Cyth3”- mice in late infection, raising the question of whether
effects were due to Legionella-specific effector T cells. Therefore, the studies of
this subchapter elucidated antigen-specific CD8+ T cell responses upon chal-
lenge with influenza A virus. This was performed in collaboration with the labora-

tory of Sammy Bedoui, the University of Melbourne.

Cytohesin-deficient mice and control mice were infected intranasally with HKx31
influenza A virus and after 8 days infection, the number of total leukocytes and
CD8+ T cells in lung and spleen tissue was determined.

After 8 days infection, no significant difference was found in the number of either
total leukocytes or total CD8+ T cells in lung or spleen of any cytohesin deficient

mice (Figure 4.3).
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Figure 4.3: Enumeration of leukocytes and CD8+ T cells in lung and spleen
of cytohesin knockout mice following influenza infection. C57BL/6 (WT), cy-
tohesin-1 (Cyth1”) and cytohesin-3 (Cyth3”-) knockout mice, as well as cytohe-
sin-2 conditional knockout (Cyth2%f LysM/Cre) and LysM/Cre (Cyth2++ LysM/Cre)
control mice were infected intranasally with HKx31 influenza A virus for 8 days.
Lungs and spleens were collected to determine the total leukocyte count (upper
panels) and total CD8+ T cell count (lower panels) via flow cytometry. Each dot
represents one mouse and bars present the mean with SEM. Filled and unfilled
datapoints distinguish individual experiments. No significant differences were
found in cytohesin transgenic mice compared to wildtype control (threshold,
p<0.05; two-tailed Mann-Whitney U-test).

117



The role of cytohesins in T cell responses

4.2.3 Cytohesin-1 and -3 modulate the ratio of antigen-specific CD8+ T
cells

Intranasal infection with HKx31 influenza A virus leads in mice to two predominant
CD8+ T cell populations that recognize specific epitopes of the viral nucleoprotein
(NP3s6 —374; NP366) and the PA polymerase (PA224 -233; PA224) presented on H-
2DV (314, 315).

Using tetrameric complexes of H-2DP and either NP366 or PA224 peptides, CD8+
T cells with TCRs recognizing these epitopes were labelled and assessed via flow

cytometry (Figure 4.4A).

The proportion of PA224-specific CD8+ T cells in spleen of Cythl’ mice were
significantly decreased compared to WT CD8+ T cells (Figure 4.4B). Although
not statistically significant, a similar trend for the equivalent population was found
in lung (Figure 4.4B) and for NP366-specific CD8+ T cells in spleen (Figure
4.4C) of Cythl” mice. No difference was observed in the pulmonary NP366-
specific CD8+ T cell population (Figure 4.4C).

The opposite effect was found in Cyth3”- mice. The ratio of PA224-specific CD8+
T cells, especially in the spleen, was enhanced in Cyth3”- mice relative to WT
mice (Figure 4.4B). No significant difference was found in NP366-specific CD8+

T cells in lung and spleen of Cyth3”- mice.

No effect of myeloid-specific cytohesin-2-deficiency was observed on influenza-
specific CD8+ T cells (Figure 4.4B, C).

In conclusion, lack of Cythl or Cyth3 had a significant effect on the proportion of
PA224-specific CD8+ T cells in the spleen.
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Figure 4.4: Antigen-specific effector CD8+ T cells in lung and spleen of cy-
tohesin knockout mice following influenza infection. C57BL/6 (WT), cytohe-
sin-1 (Cyth1”) and cytohesin-3 (Cyth37) knockout mice, as well as cytohesin-2
conditional knockout (Cyth2" LysM/Cre) and LysM/Cre (Cyth2** LysM/Cre) con-
trol mice were infected intranasally with HKx31 influenza A virus for 8 days. The
populations of PA224* and NPsss* specific effector CD8+ T cells were determined
in lung and spleen using a tetrameric complex of the H-2DP glycoprotein and the
respective epitopes via flow cytometry. A. Simplified gating strategy for influenza-
specific effector CD8+ T cells after 8 days infection. Percentage of B. PA224* and
C. NPsss* specific CD8+ T cells of total effector CD8+ T cells in lung (upper pan-
els) and spleen (lower panels). Bars present the mean with SEM. Each dot rep-
resents one mouse. Unfilled data points indicate second experiment. Significant
differences found in PA224" effector CD8+ T cell population in Cythl’ and
Cyth3-- compared to WT mice in spleen (**, p<0.01; two-tailed Mann-Whitney U-
test).

4.2.4 Cytohesin-1 influences the differentiation of short-lived effector

T cells in lung

Given the differences in the proportions of antigen-specific CD8+ T cells, the sub-
populations within the antigen-specific CD8+ T cell pool were determined using
antibodies targeting CD127 and Killer cell lectin-like receptor subfamily G mem-
ber 1 (KLRG1) (see gating of Figure 4.4A). CD8+ T cells expressing CD127high
KLRG1'"¥ represent memory precursor effector cells (MPEC) (316). These MPEC
considered as long-lived memory T cells. In contrast, CD127'°% KLRG1"9" CD8+
T cells define a short-lived effector cell (SLEC) phenotype (316). The latter pop-
ulation diminishes in size after successful pathogen clearance (316). However,
both populations exhibit similar cellular effector functions in terms of cytokine re-

sponse and cytotoxicity (317).

In the lungs of Cyth1” mice SLEC populations within PA224- and NP366-specific
CD8+ T cells were proportionally decreased compared to wildtype T cells which

IS quite interesting as the results in previous section showed no statistically sig-
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nificant difference in the frequency of total influenza-specific CD8+ T cells indi-
cating that cytohesin-1 function targets specific cell subsets in the lung. In

Cyth1- spleens no alterations in these subpopulations were found (Figure 4.5).

No significant difference in the ratios of MPEC and SLEC were determined in the

lungs and spleens of Cyth3 and myeloid-specific Cyth2 KO mice (Figure 4.5).
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Figure 4.5: Frequencies of short-lived and memory precursor effector cells
of antigen-specific CD8+ T cell populations in lung and spleen of cytohesin
knockout mice following influenza infection. C57BL/6 (WT), cytohesin-1
(Cyth17) and cytohesin-3 (Cyth3--) knockout mice, as well as cytohesin-2 condi-
tional knockout (Cyth2# LysM/Cre) and LysM/Cre (Cyth2+*+ LysM/Cre) control
mice were infected with HKx31 influenza A virus for 8 days. Short-lived (SLEC)
and memory precursor effector cells (MPEC) of PA224" and NPzes™ specific effec-
tor CD8+ T cell population were determined in lung (upper panels) and spleen
(lower panels) via flow cytometry as shown in Figure 4.4A. Each dot represents
one mouse and bars present the mean with SEM. Filled and unfilled datapoints
distinguish individual experiments. Significant differences were found in SLEC of
PA224* effector CD8+ T cell population among Cyth1-/- and WT mice in lung (**,
p<0.01; ***, p<0.001; two-tailed Mann-Whitney U-test).

4.2.5 Cytohesin-1 and -3 reciprocally regulate cytokine responses of influ-

enza-specific CD8+ T cells

Alterations in the relative amount of influenza-specific CD8+ T cells and effector
subtypes among cytohesin-1 and cytohesin-3 KO mice raised the question
whether the effector functions of these CD8+ T cells may differ. IFNy and TNF
secretion, which is important in the elimination of influenza-infected cells, was

investigated to analyse the functional ability of single cells (318).

Splenocytes of cytohesin-deficient mice were isolated following 8 days infection,
and in vitro restimulated with immunogenic epitopes to induce a cytokine re-
sponse in influenza-specific CD8+ T cells. These immunogenic epitopes are pep-
tides of influenza antigens and include NP366, PA224, non-structural protein 2
(NS2114-121; NS2) and polymerase basic protein 1 (PB1703-711; PB1). The produc-

tion of IFNy and TNF was assessed via intracellular staining and flow cytometry.

Cyth1l’ samples had proportionally less IFNy-secreting effector CD8+ T cells to

all immunogenic peptides used compared to WT samples (Figure 4.6A). Addi-
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tionally, coexpression of TNF was decreased in Cythl”- effector CD8+ T cells
when stimulated with PB1 and NS2 epitopes (Figure 4.6B).

In contrast, expression of IFNy (Figure 4.6A) and TNF (Figure 4.6B) was in-

creased in all Cyth3” influenza-specific T cells in comparison to WT T cells.

In myeloid-specific Cyth2 KO no effect was observed in the cytokine production

of effector CD8+ T cells after restimulation among all used epitopes.

In conclusion, deletion of cytohesin-1 impaired the cellular response in effector
CD8+ T cells after restimulation with their cognate epitopes. In contrast, lack of
cytohesin-3 resulted in stronger cytokine response in all restimulated influenza-

specific CD8+ T cells.
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Figure 4.6: IFNy and TNF response of antigen-specific effector CD8+ T cells
after in vitro restimulation. C57BL/6 (WT), cytohesin-1 (Cyth1”) and cytohesin-
3 (Cyth3”) knockout mice, as well as cytohesin-2 conditional knockout (Cyth2
LysM/Cre) and LysM/Cre (Cyth2+* LysM/Cre) control mice were infected with
HKx31 influenza A virus for 8 days. Splenocytes were isolated and restimulated
in vitro with immunogenic peptides (PB17os-711, PA224-233, NS2114-121, NS2366-374)
or media control to induce cytokine release. The expression of IFNy and TNF in
CD8+ effector cells was determined via flow cytometry after intracellular cytokine
staining. Each dot represents one mouse and bars present the mean with SEM.
Filled and unfilled datapoints distinguish individual experiments. Significant dif-
ferences were found in IFNy+ and TNF+ CD8+ effector cells of Cythl’ and
Cyth3--compared to WT samples (*, p<0.05; **, p<0.01; ***, p<0.001; two-tailed
Mann-Whitney U-test).
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4.3 Discussion

The analyses presented in this chapter clearly demonstrate that the primary role
of cytohesins during pulmonary infection is restricted to T cell responses. Here,
all cytohesin deficient mice displayed phenotypes in CD4+ and CD8+ T cell ki-
netics in response to L. pneumophila infection. This was distributed in all ana-
lysed memory T cell subtypes. Remarkably, cytohesin-1 and cytohesin-3 exerted
opposing effects on T cell responses. The dichotomy between cytohesin-1 and
cytohesin-3 functions was also corroborated by their respective contributions to
the development and regulation of effector functions of influenza-specific CD8+
T cells. The results demonstrate for the first time in vivo how these proteins not
only impact the recruitment of different T cells to the inflamed tissue, but also

regulate T cell effector functions.

4.3.1 Cytohesin-1 promotes antigen-specific T cell responses

Mice deficient in cytohesin-1 showed weaker CD4+ and CD8+ T cell responses
following L. pneumophila infection, implying that cytohesin-1 promotes T cell im-
munity. Because this phenotype arose in the late stages of L. pneumophila infec-
tion, a likely explanation may be that cytohesin-1 contributes to cognate T cell
responses. In support of this, cytohesin-1 affected influenza-specific CD8+ T cell
responses, as demonstrated by an impaired acquisition of antigen-specific CD8+
T cells in the absence of cytohesin-1. Additionally, optimal cellular responses to
antigen-specific stimuli depended on a functional cytohesin-1, underlining the im-
portance of cytohesin-1 in the optimal effector functions of T cells

The exact mechanism of the involvement of cytohesin-1 in the T cell biology is
still unclear. Cytohesin-1 has been shown to facilitate LFA-1 signalling and
thereby increase T cell activation and Th1 differentiation in collaboration to TCR
stimulation (167). In cooperation with LFA-1, cytohesin-1 lowers the signal thresh-
old that is required for proper T cell activation (167). Consequently, lack of cyto-
hesin-1 may lead to less responsive T cells and inefficient T cell priming within

lymphoid tissues resulting in fewer T cells acquiring effector functions. Further-
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more, our laboratory demonstrated that cytohesin-1 expression enhances IL-2
promoter activity in Jurkat T cells (Paul, B., PhD thesis). IL-2 is essential in T cell
expansion and the differentiation to different effector T cells (319). Therefore, de-
creased IL-2 levels in the absence of cytohesin-1 might lead to decreased T cell

proliferation and differentiation in the course of infection.

The notion that cytohesin-1 affects the threshold of T cell activation and in the
resulting effect on T cell priming may explain why some of the functional effects
of cytohesin-1 ablation appear stronger in settings where T cells are exposed to
suboptimal antigenic stimulation. Specifically, Cyth1” mice showed a stronger
phenotype in influenza-specific CD8+ T cell populations of the spleen compared
to the lung, an organ of presumably low antigenic density. Furthermore, the
PA224-specific T cell population was more affected by the lack of cytohesin-1 in
comparison to NP366-specific T cells. PA224-epitopes are presented by APC in
lower levels than NP366-epitopes (280). This favours the idea that cytohesin-1
deficient T cells require stronger stimulus with higher antigen-encounter for a
proper T cell activation. Therefore, T cells that recognize more rarely presented
antigens (e.g. PA224-epitopes) are more strongly affected by the lack of cytohe-

sin-1.

Furthermore, cytohesin-1 appears to coordinate the differentiation of distinct ef-
fector cell subtypes leading to fewer SLEC in the lack of cytohesin-1. The cell-
fate decision of activated T cell to differentiate to SLEC or MPEC subtype de-
pends on different factors including antigen load, co-stimulation, cytokine milieu,
metabolic signals and strength of TCR engagement (320). Here, exposure to high
IL-2 levels, as well strong interaction of TCR with the epitope presented on the
MHC molecule favours the differentiation towards SLEC (320-322). With respect
to the role of LFA-1 in the formation of the immune synapse upon TCR priming
(323), one might speculate that cytohesin-1 deficiency weakens the attachment
of LFA-1 to its agonist on APC leading to weaker contact during TCR ligation and
consequently, resulting in fewer SLEC. In order to gain a better understanding of
the function of cytohesin-1 in T cell activation, further studies might address the
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role of the protein in the formation of the immune synapse and investigate events

occurring in T cell priming within infected Cyth1/ mice.

In conclusion, these results demonstrate that cytohesin-1 positively regulates
T cell immune responses and is required for optimal acquisition of antigen-spe-

cific effector functions following pulmonary infections.

4.3.2 Myeloid-specific deletion of cytohesin-2 only slightly impacts T cell

responses

Myeloid-specific cytohesin-2 deficient mice showed a transient effect in CD4+ and
CD8+ T cell responses in L. pneumophila infection indicating that the T cell-APC
interaction might be perturbed. In this context, these mice displayed a transiently
lower cDC number in lung (3.2.6.3) raising the possibility that the alteration of
T cell responses might be due to altered distribution of cDCs. As T cell responses
are also induced in the draining lymph nodes, further investigation of immune
responses in this tissue might elucidate whether trafficking of activated cytohesin-
2 deficient cDCs towards lymphoid tissues is altered. Notably, no phenotype in
CD8+ T cell responses was observed in the influenza infection model. However,
it is possible that earlier transient effects were missed because this experiment

only examined one time point.

In summary, myeloid-specific cytohesin-2 transiently alters T cell responses fol-
lowing bacterial challenge, which might be due to effects on cDC biology. How-
ever, these impacts are not pronounced enough to result in major changes in the

T cell response and therefore do not influence the outcome of the disease.
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4.3.3 Cytohesin-3 inhibits T cell responses

Overall T cell responses were amplified following L. pneumophila infection in
Cyth3-- mice, indicating that deletion of cytohesin-3 leads to a general hyperacti-
vation of all T cell subtypes. Increased influenza-specific CD8+ T cell activity in
the absence of cytohesin-3 was also observed, emphasizing the prominent role
of cytohesin-3 in T cell mediated responses.

Interestingly, the T cell phenotype in Cyth3-- T cells was converse to the pheno-
type of Cythl/ T cells, which implies that these two cytohesins act in an antago-
nistic manner, although this counterregulation must not necessarily affect the
same pathway. In this regard, functions of cytohesin-3 impact global T cell im-
mune responses, whereas function of cytohesin-1 seems to target specific effec-
tor CD8+ T cell subtypes as seen in the SLEC differentiation. Furthermore, the
quantitative phenotype of cytohesin-3 ablation was more profound than that of
other cytohesins, indicating that cytohesin-3 has the most prominent role of all

cytohesin genes in T cell biology.

In this context, the relevance of coordinated function of cytohesin-3 in T cell biol-
ogy is supported by the finding that cytohesin-3 expression is tightly regulated in
T cells: its expression is suppressed following T cell activation and increased in
T cell anergy (153)(Tolksdorf, F., PhD thesis). This evidence supports the possi-
ble function of cytohesin-3 as an immune checkpoint that suppresses T cell acti-
vation and induces peripheral tolerance. In accordance with this idea, our labor-
atory demonstrated induction of cytohesin-3 mRNA and protein expression in
anergic T cells, which was dependent on the ligation of PD-1, one of the most
important immune checkpoint control factors (Paul, B. PhD thesis). PD-1 coun-
teracts proximal T cell signalling upon T cell activation leading to inhibition of
T cell proliferation and suppression of proinflammatory T cell responses (324,
325).

Thus, it is possible that cytohesin-3 is part of the PD-1 inhibitory signalling ma-
chinery. Classically, PD-1 engagement with PD-L1 or PD-L2 recruit tyrosine
phosphatases SHP-1 and SHP-2 to the cytoplasmatic tail of PD-1, which subse-
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quently inhibit downstream effectors in the TCR signalling cascade such as
CD3¢, ZAP70 and PKCO (326, 327). Additionally, PD-1 signalling blocks the
CD28-mediated activation of PI3K and its downstream target Akt impairing the
release of IL-2 and IFNy (328).

On the basis of other in vitro observations, a strong involvement of cytohesin-3 in
the inhibition of TCR and CD28 signalling is also likely. In this context, our labor-
atory demonstrated that the addition of CD28 ligand inhibited the induced expres-
sion of cytohesin-3 in anergic T cells (Paul, B., PhD thesis). Therefore, CD28
signalling which is required for a proper T cell activation, seems to silence the
function of cytohesin-3. Furthermore, overexpression of cytohesin-3 in Jurkat T
cells interfered with TCR signalling and supressed phosphorylation of down-
stream effector Akt (Tolksdorf, F., PhD Thesis). Consequently, lack of cytohesin-
3 might lead to an enhanced TCR/CD28 signalling axis, resulting in increased

cytokine release which is indeed observed in cytohesin-3 deficient T cells.

Notably, deletion of other components of the PD-1 inhibitory signalling in T cells
results in a phenotype which is comparable to that of cytohesin-3 deficient mice.
Specifically, deletion of SHP-2 in T cells leads to a hyperactivated TCR signalling
resulting in increased IFNy response and increased activity of cytotoxic T cells in
different in vivo models (329, 330). In similar fashion, cytohesin-3 deficiency
might lead to a more reactive TCR signalling due to the lack of a putative inhibitory

immune checkpoint.

As important regulators of the immune responses, one major function of immune
checkpoints is to suppress autoreactive immune activity and control inflammation.
The importance of a functional and balanced regulation of immune responses
becomes clear when dysregulation results in chronic inflammation leading to tis-
sue destruction as well as autoimmune disorders including rheumatoid arthritis
and type 1 diabetes mellitus (331-334).

Intriguingly, Cyth3-- mice display impaired recovery following L. pneumophila in-

fection which strongly correlates with the T cell phenotype. Dysregulated T cell
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responses which result in increased T cell infiltration and reactivity as observed
in the absence of cytohesin-3 might result in an overall stronger pulmonary in-
flammation with potential tissue destruction. Therefore, further studies might test
whether T cell-specific deletion of cytohesin-3 phenocopies the full ablation of

cytohesin-3 in mice.

In conclusion, these results highlight that cytohesin-3 is a crucial element in bal-
anced and controlled T cell immune responses, possibly via exhibiting a suppres-
sive function in T cell activation signalling and might contribute to the inhibitory
immune checkpoint function. The extent of the dysregulation in T cell responses
in the absence of cytohesin-3 appears to affect the overall recovery of mice to
pulmonary infection, which identifies cytohesin-3 as the most important single

member of the cytohesin family for the regulation of in vivo immune responses:
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5. The role of cytohesins in T cell differentiation and me-

tabolism

5.1 Introduction

The results of Chapter 4 identified cytohesin-1 and cytohesin-3 as regulators of
T cell immunity in response to bacterial and viral infection in mice. Interestingly,
cytohesin-1 and cytohesin-3 intervene in T cell immune activity in opposing man-
ners. Cytohesin-1 appears to be important in antigen-specific T cell immune re-
sponses, whereas the lack of cytohesin-3 results in a general hyperactivation of
T cells, eventually leading to delayed recovery of mice from infection. Therefore,
the experiments in this chapter aimed to understand specifically how these cyto-

hesins modulate T cell immune responses.

5.2 Results

5.2.1 Cytohesin-1 and cytohesin-3 reciprocally orchestrate the differentia-

tion of naive CD4+ T cells to effector T helper subtypes

In the course of infection, naive CD4+ T cells can differentiate to several helper
cell types that mediate distinct effector functions (reviewed in section 1.2.2). Thl
cells occur predominantly in response to intracellular pathogens and provide help
in the clearance (335). Th2 cells are important in the combat of extracellular par-
asites and they also support B cell immune responses (336). Perez et al. de-
scribed that LFA-1 signalling preferably induces the polarization towards Thl
phenotype following stimulation (167). Whereas PD-1 ligation which might be
possible component in the cytohesin-3 signalling has been shown to induce the
transition towards Th2 cell type (337). The involvement of cytohesin-1 and cyto-

hesin-3 in the polarization processes of T cells has not been defined yet.
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In order to investigate whether cytohesin-1 or cytohesin-3 affect the differentiation
of naive CD4+ T cells (Th0), naive CD4+ T cells were isolated from Cyth1-- and
Cyth3-- mice and wildtype littermates, then cultured under Th1 and Th2 polarizing
conditions for 4 days prior restimulation with phorbol 12-myristate 13-acetate
(PMA) and ionomycin. The expression of defining cytokines and transcription fac-
tors specific for Thl and Th2 cell types were assessed in differentiated T cells
after intracellular staining via flow cytometry (Figure 5.1). Thl cells can be char-
acterized by the high expression of transcription factor Thet (Tbx21) and IFNy,
while Th2 subtype is identified by the increased expression of GATA3 and IL-4
(338). Undifferentiated ThO cells and non-restimulated but differentiated T cells

were used as controls to check the differentiation efficiency (Figure 5.1).
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Figure 5.1: In vitro differentiation of naive CD4+ T cells to Thl and Th2 sub-
types. Naive CD4+ T cells (ThO) from murine spleen and lymph nodes were iso-
lated via MACS and differentiated under polarizing conditions to A. Thl or B. Th2
cell types for 4 days. Cells were restimulated with PMA/ionomycin and the tran-
scription factors as well cytokine response intracellularly determined by flow cy-
tometry. Plots represent simplified gating strategy of restimulated Th1 or Th2 cells
(right panels), not-restimulated control (middle panels) and naive CD4+ (left pan-
els) control from wildtype mice pre-gated on live CD4+CD3¢+ cells.
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Following differentiation, Cythl/- CD4+ T cells displayed a lower frequency of
differentiated Th2 cells compared to wildtype T cells, with fewer cells expressing
GATAS and IL-4 (Figure 5.2A). Although a trend towards less Th1l polarization in
Cythl’- CD4+ T cells was observed relative to wildtype T cells, no statistically

significance could be identified (Figure 5.2A).

The opposite results were obtained for Cyth37- CD4+ T cells, with more differen-
tiated Th1l cells obtained compared to wildtype control (Figure 5.2B). The pro-
portion of Th2 cells also appeared to be elevated, although not statistically signif-

icant, compared to wildtype T cells (Figure 5.2B).

In conclusion, cytohesin-1 appears to be a positive factor in the differentiation of
naive CD4+ T cells towards Th2 cell type, whereas cytohesin-3 negatively regu-

lates the polarization towards Th1 cells.
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Figure 5.2: In vitro differentiation of cytohesin-1 or cytohesin-3 deficient
CD4+ T cellsto Thl and Th2 subtypes. Naive CD4+ T cells from murine spleen
and lymph nodes were isolated via MACS and differentiated under polarizing con-
ditions to Thl (left panels) or Th2 (right panels) subtypes for 4 days. Restimula-
tion was performed using PMA/ionomycin in the presence of BrefeldinA. The ex-
pression of Thl or Th2 cell-specific transcription factors and cytokines of A.
Cyth1** or Cythl” T cells and B. Cyth3** or Cyth3”- T cells was determined via
flow cytometry. Bars present the mean (n=3) with SEM. Significant differences
were found between Cythl”- and Cythl** in GATA3* Th2 cells and between
Cyth3”- and Cyth3** Thet*IFNy* Th1l cells (*, p<0.05; unpaired two tailed student
t-test).
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5.2.2 Cytohesin-1 intervenes in metabolic processes following T cell stim-

ulation

Metabolic reprogramming of T cells following activation is an important compo-
nent assuring optimal and rapid immune responses (reviewed in section 1.2.6).
Because of the prominent function of cytohesin-3 in metabolic processes (see
section 1.4.3) it was considered that the metabolic fitness of cytohesin-deficient
T cells might differ which may account for the observed alterations in T cell re-
sponses. Therefore, T cells were stimulated with defined mitogens, and the cel-

lular glycolytic as well as mitochondrial respiratory responses were analysed.

Isolated naive CD4+ T cells of Cythl”- and Cyth3”- mice were stimulated with
either a-CD3 and a-CD28 antibodies, PMA and ionomycin or glucose. Following
stimulation the extracellular acidification rate (ECAR) which serves as a readout
for the glycolytic activity, as well as the cellular oxygen consumption rate (OCR),
a correlate for mitochondrial respiration were measured using a Seahorse Ana-
lyzer. The addition of a-CD3 and a-CD28 antibodies results in the activation of
the TCR and CD28 signalling (339). In contrast stimulation with PMA/lonomycin
bypasses the TCR signalling resulting in direct activation of protein kinase C
(PKC) and an increase in intracellular calcium concentrations (340, 341). The
stimulation with glucose was used to determine the ability of cells to take up es-
sential sources for glycolysis which is mediated by different glucose transporters
such as Glutl (342). Following these stimulations oligomycin as well as 2-deoxy-
D-glucose (2-DG) were injected. Oligomycin inhibits ATP synthase in the mito-
chondrial ATP production shifting the ECAR to the maximum glycolytic capacity
(343, 344). The final injection of 2-DG results in the inhibition of glycolysis by

inhibiting competitively hexokinase (345).
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5.2.2.1 Cytohesin-1 affects the ability of naive T cells to react to TCR stim-

ulation

Injection a-CD3/CD28 did not lead to an immediate change in ECAR (Figure
5.3A and C left panel) and OCR (Figure 5.3B and D left panel) of Cyth1” T cells
in contrast to WT T cells. However, addition of oligomycin led to similar glycolytic
capacity in Cythl”- and Cyth1** T cells showing the same increase in ECAR and
decrease in OCR (Figure 5.3C and D middle panel). Interestingly, even though
2-DG injection resulted in the same initial drop in the ECAR among Cyth1”- and
Cyth1** T cells, Cythl” T cells displayed a further delayed decrease in ECAR

which was not observed for the wildtype counterpart (Figure 5.3C, right panel).
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Figure 5.3: Glycolysis and mitochondrial respiration of cytohesin-1 defi-
cient naive CD4+ T cells following TCR stimulation. A. Extracellular acidifica-
tion rate (ECAR) and B. Oxygen consumption rate (OCR) after injection (indi-
cated by arrows) of a-CD3/CD28 antibodies, oligomycin and 2-deoxy-D-glucose
(2-DG). Graphs present the mean (n=3) with SEM and is normalized to cell num-
ber with background correction. Baseline is set to the timepoint prior first injection.
Calculated area under curve of C. ECAR and D. OCR for a-CD3/CD28 antibodies
stimulation after a-CD3/CD28 antibodies and prior oligomycin injection (left pan-
els), for oligomycin after oligomycin and prior 2-DG injection (middle panels) and
for 2-DG after 2-DG injection (right panels). Graphs present the mean (n=3) with
SEM (*, p<0.05; **, p<0.01; ***, p<0.001; unpaired student’s t-test).
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5.2.2.2 Cytohesin-1 intervenes in the metabolic switch following
PMA/ionomycin stimulation

Injection of PMA/ionomycin led immediately to a dramatic change in the ECAR
(Figure 5.4A) and OCR (Figure 5.4B) giving comparable high levels in Cyth1-/-
and Cyth1** T cells. However, the drop in ECAR and OCR after the initial stimu-
lus occurred in Cythl”- T cells was more drastic than wildtype controls (Figure
5.4C,D left panel). The subsequent addition of oligomycin led to a drop in ECAR
and OCR, however the relative change of ECAR and OCR in Cythl” T cells was
not as strong as in Cyth1** T cells (Figure 5.4C,D middle panel). Small but sig-
nificant differences were observed in the ECAR and OCR following 2-DG injection
(Figure 5.4C,D right panel).
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Figure 5.4: Glycolysis and mitochondrial respiration of cytohesin-1 defi-
cient naive CD4+ T cells following PMA/ionomycin stimulation. A. Extracel-
lular acidification rate (ECAR) and B. Oxygen consumption rate (OCR) after in-
jection (indicated by arrows) of PMA/ionomycin mix, oligomycin and 2-deoxy-D-
glucose (2-DG). Graphs present the mean (n=3) with SEM and is normalized to
cell number with background correction. Baseline is set to the timepoint prior first
injection. Calculated area under curve of C. ECAR and D. OCR for
PMA/ionomycin stimulation after PMA/ionomycin and prior oligomycin injection
(left panels), for oligomycin after oligomycin and prior 2-DG injection (middle pan-
els) and for 2-DG after 2-DG injection (right panels). Graphs present the mean
(n=3) with SEM (*, p<0.05; **, p<0.01; ***, p<0.001; unpaired student’s t-test).

5.2.2.3 Cytohesin-1 does not affect glycolysis following glucose injection

Following glucose injection Cythl”/- and Cyth1** T cells displayed comparable
increase in ECAR (Figure 5.5A,C). Further, Cyth1”- T cells displayed a trend to
a lower OCR relative to Cyth1** T cells (Figure 5.5B,D).
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Figure 5.5: Glycolysis and mitochondrial respiration of cytohesin-1 defi-
cient naive CD4+ T cells following glucose stimulation. A. Extracellular acid-
ification rate (ECAR) and B. Oxygen consumption rate (OCR) after injection (in-
dicated by arrows) of glucose. Graphs present the mean (n=3) with SEM and is
normalized to cell number with background correction. Baseline is set to the
timepoint prior first injection. Calculated area under curve of C. ECAR and D.
OCR for glucose stimulation after glucose Graphs present the mean (n=2-3) with
SEM (*, p<0.05; unpaired student’s t-test).

In conclusion lack of cytohesin-1 impaired metabolic capacity in naive CD4+
T cells following stimulation of the TCR complex or its downstream effectors. No
strong effect was given for sole glucose stimulation in cytohesin-1 deficient naive
CD4+ T cells.
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5.2.2.4 Cytohesin-3 does not impact the metabolic switch of naive T cells

Following a-CD3/CD28 stimulation Cyth3-- naive CD4+ T cells displayed a similar
increase in ECAR (Figure 5.6A and C left panel) and OCR (Figure 5.6B and D
left panel) as Cyth3** T cells. Although Cyth3” T cells appeared to have a rela-
tively lower ECAR (Figure 5.6A) and OCR (Figure 5.6B) compared to Cyth3+*
T cells, no statistically significant difference was found in ECAR and OCR follow-
ing oligomycin (Figure 5.6C,D middle panels) and 2-DG (Figure 5.6C,D right

panels) injections.
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Figure 5.6: Glycolysis and mitochondrial respiration of cytohesin-3 defi-
cient naive CD4+ T cells following TCR stimulation. A. Extracellular acidifica-
tion rate (ECAR) and B. Oxygen consumption rate (OCR) after injection (indi-
cated by arrows) of a-CD3/CD28 antibodies, oligomycin and 2-deoxy-D-glucose
(2-DG). Graphs present the mean (n=3) with SEM and is normalized to cell num-
ber with background correction. Baseline is set to the timepoint prior first injection.
Calculated area under curve of C. ECAR and D. OCR for a-CD3/CD28 antibodies
stimulation after a-CD3/CD28 antibodies and prior oligomycin injection (left pan-
els), for oligomycin after oligomycin and prior 2-DG injection (middle panels) and
for 2-DG after 2-DG injection (right panels). Graphs present the mean (n=4) with
SEM (threshold *, p<0.05 unpaired student’s t-test).

Following PMA and ionomycin injection, lack of cytohesin-3 did not alter glycoly-
sis or mitochondrial respiration compared to wildtype control, with equivalent
ECAR (Figure 5.7A) and OCR (Figure 5.7B) observed. Similar observations

were made following the addition of oligomycin and 2-DG.
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Figure 5.7: Glycolysis and mitochondrial respiration of cytohesin-3 defi-
cient naive CD4+ T cells following PMA/ionomycin stimulation. A. Extracel-
lular acidification rate (ECAR) and B. Oxygen consumption rate (OCR) after in-
jection (indicated by arrows) of PMA/ionomycin mix, oligomycin and 2-deoxy-D-
glucose (2-DG). Graphs present the mean (n=3) with SEM and is normalized to
cell number with background correction. Baseline is set to the timepoint prior first
injection. Calculated area under curve of C. ECAR and D. OCR for
PMA/ionomycin stimulation after PMA/ionomycin and prior oligomycin injection
(left panels), for oligomycin after oligomycin and prior 2-DG injection (middle pan-
els) and for 2-DG after 2-DG injection (right panels). Graphs present the mean
(n=5) with SEM (threshold *, p<0.05 unpaired student’s t-test).

Cyth3and Cyth3** T cells demonstrated comparable increases in ECAR follow-
ing the addition of glucose (Figure 5.8A). The values for OCR were also un-
changed in the absence of cytohesin-3 (Figure 5.8B). Similar to previous results,
the injection of oligomycin (Figure 5.8C,D middle panels) and 2-DG (Figure
5.8C,D right panels) did not display any alteration in ECAR and OCR among
Cyth37 and Cyth3** T cells.
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Figure 5.8: Glycolysis and mitochondrial respiration of cytohesin-3 defi-
cient naive CD4+ T cells following glucose stimulation. A. Extracellular acid-
ification rate (ECAR) and B. Oxygen consumption rate (OCR) after injection (in-
dicated by arrows) of glucose, oligomycin and 2-deoxy-D-glucose (2-DG). Graphs
present the mean (n=3-4) with SEM and is normalized to cell number with back-
ground correction. Baseline is set to the timepoint prior first injection. Calculated
area under curve of C. ECAR and D. OCR for glucose stimulation after glucose
and prior oligomycin injection (left panels), for oligomycin after oligomycin and
prior 2-DG injection (middle panels) and for 2-DG after 2-DG injection (right pan-
els). Graphs present the mean (n=3-4) with SEM (threshold *, p<0.05 unpaired

student’s t-test).
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5.3 Discussion

The analyses presented in this chapter examined the mechanistic involvement of
cytohesins in T helper cell polarization and metabolic switching during T cell stim-
ulation, demonstrated once again a dichotomy between cytohesin-1 and cytohe-
sin-3. Interesting, the results presented here also provide the first evidence that

cytohesin-1 contributes to immunometabolic processes of naive CD4+ T cells.

5.3.1 Cytohesin-1is required for efficient metabolic reprogramming in na-

ive CD4+ T cells and promotes the polarization to Th2 cell type

Cytohesin-1 deficient naive T cells were characterized by a significant alteration
of their metabolic signature following T cell activation, suggesting that cytohesin-1
is an important factor for metabolic switching in the initial stages of activation.
Furthermore, in vitro differentiation of naive CD4+ T cells towards effector helper
T cells, especially towards Th2 cell subset, was impaired by the lack of the cyto-
hesin-1 gene underlying its role in the efficient transition of naive T cells to their

effector cell subsets.

Generally, naive T cells become highly proliferative following T cell activation,
undergo differentiation and acquire effector functions (reviewed in section 1.2.6).
This requires metabolic adaptations in order to meet the arising bioenergetic and
biosynthetic demands. Therefore, cells become highly glycolytic and increase mi-
tochondrial respiration, which can be measured by tracing cellular acidification
and of the oxygen levels within the medium (346-349). Therefore, both processes
are typically upregulated immediately after antigen encounter or T cell stimula-
tion, as observed here (350). However, following TCR/CD28 ligation, cytohesin-1
deficient naive CD4+ T cells retained a quiescent and more metabolically inactive
state, suggesting that cytohesin-1 deficient T cells are less responsive to the
given TCR stimulus. Consequently, these T cells might fall short of their bioener-
getic needs to support efficient proliferation and subsequent differentiation. This

is in line with the overall cytohesin-1 T cell phenotypes observed across all chap-
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ters. Moreover, this result also suggests that function of cytohesin-1 is required
in the initial phase of T cell activation.

Interestingly, cytohesin-1 deficient T cells still presented the same maximum gly-
colytic capacity as wildtype T cells, which was measured by the injection of oligo-
mycin that blocks mitochondrial respiration and shifts glycolysis to its maximum
capacity (Figure 5.3). The inhibition of glycolytic processes by introducing 2-DG,
which inhibits one enzyme in the glucose breakdown process, leads to a drop in
the ECAR in KO and WT cells. However, after the 2-DG-mediated drop in the
ECAR cytohesin-1 deficient cells displayed a continuous decrease in the ECAR,
which suggests that these cells continue to shutdown processes that are leading
to proton efflux. Apart from the classical glycolysis, tetracarboxylic acid cycle
(TCA)-derived CO2 has been described to contribute to non-glycolytic acidifica-
tion through the formation of carbonic acid (351). In this way, CO: is generated
in the biosynthesis of intermediates within TCA (352). Consequently, these ob-
servations suggest that the TCA might be limited in the absence of cytohesin-1,
which may mean that cytohesin-1 deficient T cells lack biosynthetic precursors

for optimal effector functions.

An even stronger suppression effect of metabolic activities was observed follow-
ing PMA and ionomycin stimulation in the absence of cytohesin-1 (Figure 5.4).
Normally, the addition of PMA and ionomycin results in a strong increase in ECAR
and OCR as it bypasses TCR stimulation and acts directly on the downstream
intracellular signalling pathways. Here, PMA/ionomycin stimulation resulted in the
same immediate metabolic response in KO and WT suggesting either that cyto-
hesin-1 interferes with the immediate events downstream of TCR/CD28 complex
and upstream of PMA/ionomycin pathways, or that cytohesin-1 deficient CD4+
T cells are capable of upregulating glycolysis and mitochondrial respiration simi-

lar to wildtype CD4+ T cells if exposed to a sufficiently strong stimulus.

Nevertheless, the dramatic shutdown of glycolysis and mitochondrial respiration
in Cythl” cells following the increase of ECAR and OCR in response to

PMA/ionomycin stimulation indicates that regulatory feedback mechanisms might
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be imbalanced in the absence of cytohesin-1. Important signalling pathways in
metabolic activation include the mammalian target of rapamycin (mTOR) and Akt
proteins, which are both activated by PMA and through CD3/CD28 ligation (349,
353-358). mTOR can be further subdivided into mMTOR complex 1 (mMTORC1) and
complex 2 (MTORC?2) (359). The function of mMTORCL1 as effector protein in bio-
synthesis, metabolism, cell proliferation and survival is well established, in con-
trast the mechanism of mTORC2 is not well understood (359). However,
MTORC2 has been shown to exert differential effects on the differentiation of Thl
and Th2 cell types by different mechanisms (360). On the one hand, mTORC2-
regulated PKC mediates the transcription of GATA3 and the development of Th2
cell type, on the other hand mMTORC2 enhances Akt activity following TCR/CD28
stimulation leading to expansion of Thl cells (360). As the differentiation of Th2
lineage was more affected by cytohesin-1, it might be speculated that cytohesin-1
is implicated in the mTORC2-PKC signalling axis.

In conclusion, cytohesin-1 is important for the metabolic fitness of naive T cells
and required for efficient T cell activation providing the metabolic adaptation fol-
lowing TCR and CD28 stimulation. Further, these data suggest that cytohesin-1
enables CD4+ T cells to sustain metabolic demands for efficient and successful
proliferation and acquisition of effector functions.

5.3.2 Cytohesin-3 suppresses Th1l differentiation

In contrast to cytohesin-1, ablation of cytohesin-3 led to a stronger differentiation
of Thl cells, suggesting that cytohesin-3 negatively regulates an aspect of the
differentiation process in naive CD4+ T cells. Interestingly, this was not accom-
panied by a different metabolic fithess of naive CD4+ T cells, since stimulation of
cytohesin-3 deficient naive CD4+ T cells with different mitogens did not show
alterations in glycolysis and mitochondrial respiration compared to wildtype cells.
This suggests that cytohesin-3 is not essential for the initial metabolic reprogram-
ming of naive CD4+ T cells following stimulation. However, cytohesin-3 might
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mediate metabolic functions at latter time points of T cell activation than meas-

ured here.

The exact mechanism of how cytohesin-3 regulates the transition of distinct
helper T cell is elusive. IFNy and IL-12 are crucial cytokines for proper Thl polar-
ization (361, 362). In the previous chapter cytohesin-3 deficient antigen-specific
CD8+ T cells were more reactive to stimulation and expressed higher levels of
IFNy (see results 4.2.5). Therefore, a possible explanation may involve increased
autocrine IFNy or IL-12 stimulation leading to enhanced Th1 polarization. Further-
more, cytohesin-3 may interfere with Thl differentiation, e.g. by suppressing tran-
scription factors such as STAT1 and STAT4 (51, 363). Therefore, the assessment
of different STAT protein levels in cytohesin-3 deficient T cells might be the sub-

ject of future work.

Another important aspect to mention is the potential involvement of cytohesin-3
in the PD-1 inhibitory signalling pathway (discussed in section 4.3.3). The effects
of cytohesin-3 ablation are comparable to that of SHP-2 deletion, which has a
similar impact on the Th1 differentiation in a tumour microenvironment, support-
ing a role for cytohesin-3 in this signalling pathways (364). Notably, due to its
immunoregulatory function, PD-1 is associated with the promotion and expansion
of Tregs (365, 366). Blockage of PD-1 leads to increased IL-6 levels and has
been shown to favour the differentiation of Thl and Th17 lineages (367, 368). In
this way, IL-6 is an important cytokine inducing Th17 differentiation and suppress-
ing Treg polarization (369). Therefore, future studies might elucidate if cytohe-
sin-3 mediates Treg differentiation in different in vitro and in vivo scenarios. Some
evidence already points towards a possible dysregulation of Tregs as pulmonary
IL-6 levels were found elevated in cytohesin-3 deficient mice in the course of

L. pneumophila infection (Figure 3.8).

Taken together, these observations suggest that the development of different
T helper lineages in the course of infection are imbalanced in the absence of cy-

tohesin-3.
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In conclusion, the in vitro data presented in this chapter are consistent with the
T cell phenotypes observed with the in vivo infection experiments, which further
underscores that cytohesin-1 supports efficient development of distinct helper
T cells, while cytohesin-3 negatively regulates the differentiation of helper T cell
functions. Furthermore, these results suggest that, cytohesin-3 does not partici-
pate in the initial metabolic responses in naive CD4+ T cells following stimulation,

in contrast to cytohesin-1.
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6. Conclusion and perspectives

Cytohesins are GEFs for Arf proteins providing the switch to GTP-bound active
Arfform. Over the past decades, more evidence has accumulated that cytohesins
fulfil a prominent role in the immune system and its responses. In particular,
through their association with integral membrane proteins, such as integrins, cy-
tohesins have been suggested to affect the adhesive and migratory properties of
leukocytes, which are essential processes for the establishment of efficient innate
and adaptive immune responses in vivo. This PhD study aimed at providing a
better understanding of how the cytohesins impact on the regulation and coordi-

nation of the immune responses upon respiratory infections in mice.

6.1 Cytohesins are not required for effective innate immune re-
sponses to L. pneumophila infection

The initial experiments in this study analysed the role of cytohesins in the migra-
tion of different myeloid populations to the site of inflammation in response to
L. pneumophila infection. Cytohesin-2 has been previously identified as an im-
portant factor for Salmonella, Shigella and EPEC/EHEC pathogenesis, being ei-
ther involved in the process of establishing an intracellular niche for replication,
or in modulating innate immune responses (169, 171, 172). Furthermore, cytohe-
sin-1 has been shown to affect migrating properties of different myeloid cells as
well as their phagocytic capacity (159, 370-372). However, in this study deletion
of different cytohesins did not significantly affect cell recruitment and transmigra-
tion of phagocytes during L. pneumophila infection. This study also showed that
L. pneumophila does not rely on GEF function of cytohesins or the presence of

cytohesin-1 or -3 to establish a replication niche within cells.

However, it is possible that cytohesins play a stronger role in the gastrointestinal
tract, as Salmonella, Shigella and EPEC/EHEC are all intestinal pathogens. Al-
ternatively, these pathogens may trigger a particular innate immune circuit that is

more quiescent during L. pneumophila infection. Even though the findings of
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these studies provide no evidence for a significant role of the cytohesins in innate
Immune response against respiratory bacterial infection, they contribute to a

greater understanding of how they function during infections.

6.2 Cytohesin-1 promotes T cell responses by setting an effi-
cient threshold for T cell activation

The results of this study demonstrated that cytohesin-1 is required for optimal
responses of CD4+ and CD8+ T cells. The implications by the deletion of cytohe-
sin-1 were prominent in the later phases of L. pneumophila infection indicating
that cytohesin-1 is important for the establishment of cognate T cell responses.
This was verified by making use of the influenza infection model, in which a de-
crease of antigen-specific CD8+ T cell populations in the absence of cytohesin-1

was observed.

The observations of this study suggest that cytohesin-1 provides the right thresh-
old for an efficient signal input in T cell signalling which was also described in an
in vitro setting (167). Consistently, cytohesin-1 deficient naive CD4+ T cells were
impaired in shifting their metabolism following CD3/CD28 stimulation, which sug-
gests that cytohesin-1 is important for the induction of early signalling pathways
(Figure 5.3). However, a strong stimulation by PMA and ionomycin led to similar
metabolic responses among analysed groups, indicating that cytohesin-1 defi-
cient T cells are able to react sufficiently at saturating levels of stimulation. Con-
sequently, cytohesin-1 appears to amplify the T cell signalling events in various
types of T cells, but the absence of cytohesin-1 has stronger consequences in
situations of suboptimal antigenic stimulation (see discussion 4.3.1). Modulation
of T cell responses by cytohesin-1 may thus be more important for specific sub-

sets, such as short-lived effector cells and Th2 cells (see 4.2.4 and 5.3.1).

Furthermore, cytohesin-1 appears not only to be important in the initial T cell ac-
tivation but is also essential for intact T cell effector functions. In this way, cyto-
hesin-1 was required to sustain the metabolic activity and to fulfil the bioenergetic

demands of T cells (see discussion 5.3.1). As cytohesin-1 deficient T cells
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showed impaired metabolic response following activation, it is likely that they
were not able to produce enough energy and metabolic intermediates to properly
respond to infections. This hypothesis is consistent with the observation of lower
cellular responses of influenza-specific Cythl”- CD8+ T cells following antigen

restimulation (Figure 4.6).

Cytohesin-1 might furthermore play a role in the longevity of memory T cell pop-
ulations. Cytohesin-1 deficient mice were characterized by a decrease in memory
T cell populations during L. pneumophila infection (section 4.2.1). The establish-
ment of T cell memory also require distinct metabolic adaptations (373, 374). In
reference to the function of cytohesin-1 in metabolic regulation of T cell immune
responses, one may speculate, that altered memory T cell populations in cytohe-
sin-1 deficient mice can lead to impaired adaptive immunity upon secondary in-
fection. Therefore, future work might involve the analysis of cytohesin-1 in im-

munization studies.

In conclusion, cytohesin-1 is an important element in the activation of T cells and
in the promotion of T cell effector functions by potentially enhancing T cell signal-
ling and providing the bioenergetic demands following activation. In this regard,
a functional cytohesin-1 might be a crucial factor in the combat of more severe
infections that rely on rapid and robust T cell responses.

6.3 Cytohesin-2 transiently regulates cDC and cytokine re-
sponses

In previous studies, cytohesin-2 has been shown to regulate the motility of non-
immune cells (158, 375). The essential, but poorly understood function of cyto-
hesin-2 during embryonic development makes it impossible to work with full
knockout mice because they die within the first hours after birth. In this study,
myeloid-specific cytohesin-2 deficient mice were used, because L. pneumophila

infection is primarily controlled by the innate immune system. However, myeloid-
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specific function of cytohesin-2 was not required for the efficient control of
L. pneumophila.

In the early L. pneumophila infection cytohesin-2 was found to positively regulate
pulmonary cytokine response. A possible explanation for this is that cytohesin-2
might function as a mediator in the MyD88 signalling cascade as it has been
found to engage to the adapter protein MyD88 in endothelial cells (376). Activa-
tion of TLR4 initiates MyD88 signalling which results in IL-12 expression in cDCs
(377). Consequently, ablation of Cyth2 might impair MyD88 signalling upon TLR
activation and subsequently, decrease IL-12 production in cDCs. In addition, cDC
numbers in myeloid-specific cytohesin-2 KO mice were decreased in the initial
stages following infection which might also account for the overall decreased cy-
tokine production. The role of cytohesin-2 in cDCs has not been deeply investi-
gated. However, novel findings by Rafiq et al. and our group identified cytohesin-2
to control podosome formation (Namislo, A., PhD thesis)(163). Podosomes are
found in diverse leukocytes including immature DCs where they participate in di-
apedesis (164-166). Work by Namislo showed a selective regulation of podo-
some formation by cytohesin-2 (Namislo, unpublished). Therefore, a possible
regulation of cytohesin-2 on cDC trafficking might be attributed to its role in actin

organization and remodelling.

These results demonstrate that cytohesin-2 likely plays a role in regulating pul-
monary cytokine and cDC responses. Because the results of this study show that
cytohesin-1 and -3 have major roles in T cell responses, it is possible that cyto-
hesin-2 might play a more dramatic role in T cells than what was identified here.
Future prospective studies might employ T cell-specific cytohesin-2 KO mice to
this end.
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6.4 Inhibitory functions of cytohesin-3 are comparable to an
immune checkpoint

Cytohesin-3 deficiency resulted in an overall stronger T cell response in all sub-
types, implying that absence of cytohesin-3 leads to a general hyperactivation of
T cells. The data demonstrate that cytohesin-3 suppresses CD4+ and CD8+
T cell responses following bacterial infection as well as influenza-specific T cell
responses. Furthermore, cytohesin-3 selectively affected in vitro differentiation of
Th1l cells, which would explain why a prominent phenotype was observed with
both L. pneumophila and Influenza A virus, as these are both Th1-inducing infec-

tions (Figure 6.1).

Due to the association of cytohesin-3 with PD-1 signalling, a proposed model is
that cytohesin-3 might act as an inhibitory immune checkpoint (see discussion
4.3.3). T cell-specific deletion of SHP-2, an intermediate in the PD-1 signalling
pathway, elicits a similar phenotype as cytohesin-3 deficiency (329), suggesting
that cytohesin-3 has a comparable position in this signalling chain. Possible sup-
pressive mechanisms may be mediated by the regulation of Akt. In this regard,
cytohesin-3 overexpression was shown to suppress phosphorylation of down-
stream Akt in the T cell signalling cascade (Tolksdorf, F., PhD Thesis). Interest-
ingly, CD28 ligation counteracts cytohesin-3 expression indicating that function
of cytohesin-3 needs to be silenced for proper T cell activation (Tolksdorf, F., PhD
thesis). Both observations strengthen the notion of a suppressive function of cy-
tohesin-3 in T cell activation. Consequently, deletion of cytohesin-3 leads to am-
plified TCR signalling making T cells more reactive to stimuli as was observed in
the cellular T cell response against influenza antigens (Figure 4.6) (see discus-
sion 4.3.3).

Although not investigated here, cytohesin-3 expression also correlates with T cell
anergy, suggesting that cytohesin-3 might promote peripheral tolerance, which is
also maintained by immune checkpoints such as PD-1 (153, 378). In this way,
PD-1 signalling promotes Treg homeostasis (378). Prospective studies might
therefore focus on the role of cytohesin-3 role in regulatory mechanisms, e.g. by

investigating whether Treg development and their responses are altered in cyto-
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hesin-3 deficient mice. This may produce interesting phenotypes of cytohesin-3
deficient mice in chronic viral infection or tumour models. If cytohesin-3 strongly
modulates T cell regulation, it may eventually emerge as a viable therapeutic tar-

get for the treatment of chronic viral infection and cancer.

In summary, these results highlight that cytohesin-3 is essential in preventing hy-
peractivation of T cells to produce optimal immune responses by potentially act-

ing as an immune checkpoint.

6.5 Reciprocal regulation of immune responses by cytohesins

Fascinatingly, cytohesin-1 and cytohesin-3 appear to orchestrate T cell re-
sponses in an opposing fashion. This was consistently observed throughout this
study, in both bacterial and viral infection models, as well as in in vitro assays
(Figure 6.1). It seems likely that these two proteins have evolved to act as an

antagonistic pair of regulatory factors in T cell activation.

How these highly homologous proteins (88% sequence similarity) interact in such
different ways is not understood. Differences in the cytohesin biology are found
in their regulation and isoforms. Cytohesin-1 is mostly expressed in the so-called
triglycine form, while cytohesin-3 is mostly expressed as a diglycine variant (132,
139). These are splice variants of the coding sequences of the respective PH
domains which have differential affinity and specificity for phosphoinositides. The
diglycine isoform has high affinity to PIPs, whereas triglycine isoform has lower
affinity to PIP3 and may require the polybasic region or adapter protein for its
plasma membrane association (131, 138, 139). Consequently, PI3K regulates
the translocation of cytohesins to the plasma membrane (136, 147, 379, 380).
Furthermore, cytohesin-1 harbors phosphorylation sites within the polybasic re-
gion (138). Phosphorylation of these sites have been shown to promote the at-
tachment to the plasma membrane (138, 381). In this way, phosphorylation of

cytohesin-1 by PKC has been demonstrated to be important for its function in
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LFA-1 and T cell activation (382) (Paul, B., PhD thesis). In contrast, cytohesin-3
was not found to be phosphorylated following PMA-initiated T cell activation
(382). The results suggest that cytohesins’ cellular distribution and activity might
be regulated differently by signalling molecules such as PKC and PI3K which both
are important components of the T cell signalling cascade.

Interestingly, previous results of our laboratory demonstrated that overexpression
of cytohesin-3 reduces PMA-initiated phosphorylation of cytohesin-1 (Paul, B.,
PhD thesis), supporting the idea that cytohesins suppress each other’s function
and act in an antagonistic fashion. The concept of antagonistic roles by highly
homologous proteins is a common theme for several different protein families
including STATSs (383). Possible antagonistic mechanisms might be investigated
for cytohesins by using cytohesin-1 and cytohesin-3 double knockout mice. Log-
ically, the double knockout would result in the neutralization of these antagonistic

effects in common signalling pathways of the T cell response.

Differential regulation by cytohesins may also involve common downstream ef-
fectors such as Arf proteins. Arf6 is an important player in diverse cellular pro-
cesses including endocytosis, phagocytosis and actin reorganization (384-386).
Furthermore, Arf6 activates the lipid modifying enzymes like PIPs kinase and
PLD, which are important effectors following extracellular stimuli, and is also in-
volved in TLR-signalling pathways (385, 387). Therefore, differential regulation of
Arfé by individual cytohesins might lead to altered signal transduction and diver-
gent cytokine responses via altered TLR-signalling, or migratory properties via
reciprocal actin reorganization. However, a more comprehensive understanding
of these processes and cross regulations by cytohesins will require further mech-
anistic studies of the involved signalling events. Apart from using multiple KO of
cytohesins to study antagonistic regulations, another approach to identify the dif-
ferent roles of cytohesins might involve phosphoproteomics which would give a

more detailed picture of cytohesins’ signalling pathways (388).
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6.6 Concluding remarks

This study analysed the role of individual cytohesins in the innate and adaptive
immune responses following respiratory infections, and identified cytohesin-1 and
cytohesin-3 to be particularly important regulators in T cell responses with both
acting in an opposite manner. Deletion of cytohesin-1 inhibited T cell responses
to bacterial and viral infections. T cells deficient in cytohesin-1 were impaired to
mediate metabolic switch following T cell activation and were not able to fully
exert their effector functions. In contrast, ablation of cytohesin-3 led to hyperac-
tivated T cells and amplified T cell responses to bacterial and viral infections. The
results of this PhD study substantially enhance the knowledge on how individual

cytohesins modulate immune responses following infection.

Phenotypes of cytohesin-deficient T cells

L. pneumophilainfection

‘ CD4+ and CD8+ T cell responses "

Influenza infection

3 Differentiation of short-lived effector cells

- ‘ Effector functions of antigen-specific CD8+ T cells ‘t

‘ Acquisition of antigen-specific CD8+ T cell responses t

In vitro
‘ Metabolic switch following T cell activation
‘ Differentiation of T helper cells "

Figure 6.1: Overview of T cell phenotypes observed in cytohesin-1 and cy-
tohesin-3 deficiency in in vivo and in vitro settings. Arrow up illustrates in-
creased activity, arrow down illustrates decreased activity. Blue colour indicates
effects caused by the deletion of cytohesin-1, red colour indicates effects caused
by the deletion of cytohesin-3.
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